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ABSTRACT 
 
The future of non-invasive medical imaging depends on many aspects, 
such as accurate diagnosis based on high spatial resolution, reliability, cost, and 
mobility. Imaging using near IR photons reveals accurate assessments of 
hemodynamic and organ functionality, this can be achieved by accurate extraction 
of optical absorption and scattering parameters of oxygenated and de-oxygenated 
hemoglobin. Medical imaging techniques have shown great deal of confidence in 
improving diagnosis and clinical care of patients suffering from traumatic brain 
injury (TBI) due to sport, auto accidents, or ordnance blast. Physical injury that 
leads to temporarily or permanently impaired brain functionality is the main cause 
of TBI. Due to lack of mobility and high cost of these imaging modalities, non-
invasive optical imaging using functional near infrared (fNIR) is being developed 
by understanding the relation between migrated photons and biological media. 
Modeling behavior of broadband (30-1000 MHz) frequency modulated near 
infrared (NIR) photons through a multi-layer human head phantom reveals 
information for different penetration depth and is of interest to optical bio-
imaging of inhomogeneous multilayer tissue. Photon dynamic predictions in 
human head phantoms using 3D Finite Element Modeling (FEM) are considered 
fast and accurate scheme for the use of inverse problem solving to predict 
formation of hematoma or edema in head.  
The goal of this PhD research was to accurately model the modulated 
photon behavior when traveling in multi-layer media and inhomogeneous 
complexity in order to predict early signs of TBI. A FEM simulation of insertion 
loss (IL) and phase (IP) o are compared to measurements in head phantoms using 
custom-designed broadband free space optical transmitter (Tx) and receiver (Rx) 
modules that are developed for photon migration at wavelengths of 680 nm, 795 
nm, 850 nm. 2D and 3D FEM based numerical modeling and simulation of IL and 
IP for a given human head geometry is computed in this thesis based on three 
layers of phantom each with distinct optical parameter properties to resemble 
xxxviii 
 
scalp, skull, and cortex. Simulation and experimental results of these phantoms 
for broadband modulation (30-1000MHZ) are then used for standard error 
computation at narrowband and broadband frequency modulation between FEM 
simulated and curve fitted experimental results and confidence in 2D and 3D 
modeling is achieved.  
Moreover, the thesis documents a novel signal processing method for 
early detection of TBI. The modeling and experimental verification of the 
proposed detection technique is based on FEM and experimental measurements 
over broadband modulation (30-1000 MHz) for a greater detection accuracy of 
inhomogeneous multi-layer phantoms representing scalp, skull, and cortex with 
different sizes of occlusion resembling head with different degrees of hematoma 
(TBI). Simulation are compared to experimental measurements for identifying 
minimum spatial  resolution based on the proposed signal processing of first and 
second derivatives of changes in insertion loss and phase (i.e., ∆IL and ∆IP). 
Frequency modulated photons sensitive to different sizes of hematoma is 
identified for wavelength of 680nm, 795nm, and 850nm.  
Finally the sources of systematic and random errors in the measurement 
system are identified and techniques to improve accuracy of the measurements are 
presented in this thesis. This research highlights the utility of broadband 
frequency domain NIR imaging method and present a novel method in 3D FEM 
modeling to predict and detect early signs of TBI. The high accuracy of these 
results provides confidence in optical bio-imaging and its eventual application to 
TBI detection. 
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CHAPTER I 
INTRODUCTION 
 
 Different methods and protocols of diagnosis - as the process of identifying 
the nature of medical conditions - have been developed in the past in order to 
address different cases and conditions. Early signs of medical conditions are 
developed as a response to certain phenomena, where some of these phenomena's 
are known causes such as injuries or age, and some are unknown the cause of it 
such as cases of cancer. The blood flow is key in release of energy to cells and 
assures human functionality, as depicted in Figure 1.1. Near infra-red (NIR) 
optical imaging systems is developed as a tool to diagnose medical cases that deal 
with high oxygenated or de-oxygenated hemoglobin that is related to high 
biological activity. The NIR imaging systems is evolved rapidly toward better and 
accurate diagnosis in the medical field in the past couple years. The major 
advantage of these systems is their ability to monitor functionality due to 
absorption of oxygen.  
 Human brain acts as the control system of the human body and considered 
the most important organ.  Since better understanding of the brain functionality is 
tied to assessment of the electrical impulses (i.e., Action Potentials), as the main 
method for the nerve system to communicate and propagate with cells and organs 
(cf. Figure 1.1). The action potentials are generated when certain level of energy is 
consumed in neurons by absorbing oxygen. Knowing the rate of oxygenated and 
deoxygenated blood circulation in various regions of brain will lead to knowing 
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neurons communications and brain functionality. Imaging techniques based on 
absorption and scattering of light at NIR region give an accurate assessment about 
brain functionality. Different wavelengths in NIR region have different absorption 
and scattering properties for hemoglobin, and by knowing that and applying it to 
the optical imaging system developed then information about the level of oxygen 
absorption and hence the action potential activity associated with a segment of 
brain can be assessed.  
 
 
Figure 1.1. Blood circulation and neuron activity in human physiology[1]. 
 
 Spectroscopic studies of biological media have shown absorption and 
scattering sensitivity of water, oxygenated, and de-oxygenated hemoglobin at 
different wavelengths, as depicted in Figure 1.2. Therefore, any impact that will 
lead to disorder the functionally of the neurons of brain could then be registered by 
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disorder in the absorption of oxygenated or de-oxygenated hemoglobin using 
diffused photon NIR (DPNIR). The location and percentage of oxygen absorbed in 
the brain can be related to different physiological activities
 
and hence labeled as 
fNIR system. Knowing the level of oxygen in blood would help in early treatment 
of any biological disorder. Therefore localization hematoma could be made by 
measuring reduction in de-oxygenated hemoglobin or increase in oxygenated 
hemoglobin which lead to an increase in oxygenated blood volume and having this 
localized information related to TBI. There are many challenges that concern early 
diagnose and early treatment as part of the external treatment of the human body. 
Moreover, efficacy of various proposed treatment could be compared by 
monitoring performance of brain regions over time. 
 Optical imaging is developed by understanding the relation between 
photons and biological media. Photons in the NIR region are particles that have 
absorption properties when interacted with biological media such as tissue, cells, 
or organs [2]. Biological media has optical properties that include both reflection 
and absorption characteristics [2]. Photons suffer broadening and eventual decay as 
it travels because of multiple scattering and absorption when penetrated and 
traveled through bio-media. Therefore photon propagation within bio-media 
depends on the optical parameters of absorption and scattering of its component 
that is rerated to cells, cell organelles, and fiber structure [2]. Optical parameters of 
the tissue depends on both absorption and scattering of photons which reveals 
information related to hemoglobin and water concentration [2]. This information is 
used to determine an important aspect of biological functionality that is related to 
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concentration of oxygen/de-oxygenated level in hemoglobin and the amount of 
water when photons have penetrated and traveled in bio-media.  
 
Figure 1.2. Absorption factor versus NIR wavelengths [2]. 
 
 Photons in the NIR diffuse through most tissues in scattering movement 
[3], as depicted for human head in Figure 1.3. Since individual photon undergoes a 
random walk within the scattering media that each photon travel in any spherical 
directions resulting in a combined photon density waves; these photons are being 
scattered and a favorable path [4] is allocated at each modulation frequencies. 
Modeling the photon movement has been established by studying the transport 
theory of particles and producing the Diffusion Equation (DE) of photons and later 
extending to explain the photon frequency modulation or photon pulse modulation 
[5]. Extracting the optical parameters of absorption (  ) and reduced scattering 
(  
 ) is usually performed by solving the inverse problem using the diffusion 
equation of NIR photons in a homogenous medium  [6] or Monte Carlo (MC) 
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simulation of the diffused photon of two layers media [7]. This introduces an 
important aspect of modeling and inverse problem solving which is used to predict 
optical parameters associated with the biological media. The challenge of inverse 
problem is compounded in inhomogeneous media or multilayer of biological 
matters. Successful extraction of the optical parameters will introduce a better 
understating of the functionality and its relation to different biological activities 
and tasks. This modeling and inverse problem solving can be used as an imaging 
method to monitor the functionality of a desired biological media.  
 
Figure 1.3 3D human head with various locations for optical transmitter (Tx) and 
optical receiver (Rx) and flow of diffused photons at two distinct modulating 
frequencies 
 
 Functional imaging based on optical photon absorption and scattering is 
developed previously by different system topologies such as CW, time domain, 
and frequency domain [8]. Continuous wave (CW) is based on unmodulated 
photons and the optical absorption coefficient can be extracted by monitoring only 
photon amplitude. Time domain systems depends on tunable lasers to generate 
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pulses with different time samples,  which both absorption and scattering 
coefficients are efficiently extracted by monitoring amplitude changes as a 
function of time due to propagation delay of photons in a  scattered media. 
Frequency domain is based on frequency swept diffused photon waves and both 
absorption and scattering coefficient are extracted by monitoring the change in 
amplitude and phase modulated photons.         
 The simplified diffusion equation (DE) is used to model frequency 
modulated photon migration uniform homogenous media by extending the 
Boltzman transport theory [2]. It has been demonstrated that the DE could predict 
a behavior as accurate as MC technique for modulation frequencies up to 1 GHz 
[9]. The extracted optical parameters are used to describe the brain activity at 
certain location due to oxygenated and de-oxygenated hemoglobin [10]. The 
diffusion equation has been used in our analysis for both transmission and 
reflection mode broadband frequency analytical extraction for homogenous media. 
The diffusion equation assumes that the radiance is weakly anisotropic [11] and as 
a result the anisotropic factor is introduced to have a better explanation for the 
photon migration. Even though the anisotropic factor, g, was studied in different 
homogenous biological media [11] still the complexity of the inverse problem 
solving for inhomogeneous media became time consuming and accuracy of optical 
parameter extraction is under investigation [12]. The diffusion equation is 
attractive because of its simplicity and because it can be solved for homogenous 
media. In complex geometry the diffusion equation inverse problem solving 
become complicated and time consuming [13]. Therefore a variety of 
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approximation such as modeling the photon behavior through Monte Carlo 
simulation has been used [14]. The basic premise of MC simulation is that 
complex particle- biological matter interactions can be treated as stochastic 
process, with simulated random movement samples from probability density 
functions. Even though the MC simulation of two layers shows a good result when 
its compared to two layer diffusion equation but it would require high amount of 
computational time [13]. 
  Finite element method (FEM) analysis is a numerical method to analyze 
the partial differential equation solutions in discrete points with appropriate 
material boundaries. The numerical technique could be extended to multi-layer 
media through the use of Helmholtz equation. The diffusion equation is generated 
as a differential equation and since high computational time for MC is required 
when applied to two-layer media, and closed form solution of DE is not available 
for multi-layer, then FEM is faster and more accurate method for solving the 
inverse problem. Commercial multi-physics based FEM software, such as 
COMSOL, is used as a robust numerical tool to numerically predict the photon 
behavior in a highly scattering media and then applying this method for solving the 
inverse problem.  One of the objectives of this thesis is to validate the use of a 
commercially available tool (COMSOL) to solve the inverse problem and extract 
the homogenous media optical parameters, such as absorption and reduced 
scattering coefficient in a broadband frequency modulation from 30-1000MHz. 
Introduction of frequency domain NIR spectroscopy and the need of finite element 
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modeling for extraction of optical phantom parameters is discussed as background 
material to justify the utility of the presented procedures in this thesis.  
 The purpose of this thesis is to integrate the FEM in 3D through the NIR 
photon migration to determine the sensitivity of detecting high biological activity 
due to oxygenated or de-oxygenated hemoglobin in the bio-media and address the 
early detection of TBI. In order to achieve these goals, a series of analytical and 
numerical modeling is introduced in this thesis.  FEM is less time consuming than 
any other methods used for broadband frequency system and therefore the novel 
approach would be suitable for use in any imaging system as part of parameter 
extraction and inverse problem solving. Traumatic brain injury (TBI) is a 
neurological disorder that in most cases caused by head injuries caused by blast 
injuries or head on collisions. In particular, impact acoustic pressure waves or 
jerking of brain in skull results in mild or severe traumatic brain injuries. For 
earlier diagnosis of TBI, functional brain mappings need to be performed on 
patients shortly after the head injuries.  
 In chapter 2 is dedicated to the state-of-the-art by providing a 
comprehensive review of literature of various fNIR systems, medical applications, 
optical parameter extraction methods and topologies. Chapter 3 covers analytical 
method modeling based on DE and 2D FEM numerical modeling of frequency 
domain modulation in homogenous media, a novel differential detection scheme, 
and novel signal processing method. Error between DE and 2D FE numerical 
modeling result using COMSOL is analyzed in Chapter 3 as well and provides 
confidence in COMSOL modeling for photon migration.  
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 Chapter 4 is devoted to the transition between 2D to 3D FEM modeling and 
then applies FEM to complex multi-layers inhomogeneous media. The multi-layers 
media is stacked layers of phantom that resembles optical properties similar to a 
human head. This Chapter concludes by computing the standard error between 2D 
and 3D FEM modeling and modeling multi-layers using FEM numerical method 
and proving the validity of the modeling by comparing numerical modeling results 
to a multi-wavelength experimental results.  
 Chapter 5 covers the core contribution of this thesis by applying the 3D 
FEM numerical modeling and experimental validations to phantoms that have 
various sizes of occlusions; the developed procedure is applicable for predicting 
early signs of hematoma as result of TBI. Standard error between 3D numerical 
modeling and experimental result are computed using two methods of curve fitting 
of robust regression and curve fitting of the raw experimental signal to the square 
root of frequency. The error that might cause distortion of measurement results at 
different frequencies due to systematic error of misalignment along with random 
error due to threshold current of the laser is discussed as the main source of error 
that could hamper performance and extraction of hematoma using the proposed 
NIR optical system. A sensitive signal processing method based on first and 
second derivative of the difference between normal human brain activities (i.e., no 
TBI caused occlusion) and abnormal activity (i.e., TBI caused occlusion) is 
introduced and discussed as a novel method for early detection of hematoma in 
sub-centimeter resolution. Finally, the conclusion of this work and 
recommendations for future work are presented in Chapter 6.        
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CHAPTER II 
REVIEW OF LITERETURE 
2.1 Introduction  
 The future of non-invasive medical imaging depends on many aspects of 
mobility and accurate diagnosis. Imaging using NIR photons reveals accurate 
assessments of functionality, which can be achieved by accurate extraction of 
optical parameters. NIR imaging uses the electromagnetic spectrum of the near 
infrared (600nm - 2500nm) as a base of spectroscopic modality. The general form 
of this spectroscopy depends on photons that travels through biological media and 
interact with different particles of human cells and organs. These photons will 
either be absorbed or scattered while traveling in the most favorable path through 
the media. Accurate diagnosis will depend on knowing the amount of photons 
entering the media and the amount leaving the media, and if there is a phase shift 
that occurs, because of multi-scattering.   
 Human organs depend on the basic need of oxygen as one of the sources to 
generate energy for cells to operate. Energy in the form of ATP (Adenosine 
TriPhosphate) is synthesized in the mitochondria of the cell through what is known 
as the Krebs cycle. Mitochondria are one the most important parts of the cell and is 
considered the powerhouse of all major bioactivities. Oxygen, which is cycled 
through blood and hemoglobin, throughout the human body is the main source of 
energy and cell communications. Cells communicate through either chemical or 
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electrical signals. Both signals require energy to operate, which is why high 
activation and propagation of cells require higher absorption of oxygen.       
 Since there is a relative phenomenon between photons at certain 
wavelength and bio-matters, then understanding the photon behavior of either 
absorption or scattering would be essential in order to have accurate assessments 
of biological activities. Photons are particles that travel in different medias and 
follow certain physical phenomenon. In essence, photons travel in air without 
being scattered while it diffuses in biological media, in different random 
movements depending on the multi-scattering properties of the media. Absorption 
and scattering are the main phenomena of light-matter interaction. Absorption is a 
phenomena related to the absorption band of molecules, which happens when an 
electron within a molecule is raised by photon absorption to an excited state. Light 
scattering originates from the interaction of photons with structural heterogeneities 
present inside material bodies at the wavelength scale. The interaction between a 
photon and molecule results in a photon moving in a different direction and a 
molecule that may maintain, increase, or decrease its energy. When photons with 
uniform optical properties is sinusoidally modulated, then a wave of photon 
density is developed that would propagate spherically into the biological matter. 
Then photons will walk randomly in most favorable paths, which will result in 
either absorption or scattering.  
 In the following sections, an overview of various NIR technologies is 
presented. The need for modeling photon frequency modulation interaction with 
biological matter as an advantage for different penetration depths and the need for 
12 
 
non-invasive NIR imaging for medical applications. The question then is which 
NIR frequency modulated photon migration modeling method will be most 
suitable for implementation. Therefore, an evaluation of various analytical and 
numerical modeling, along with an overview of different signal processing used 
for optical parameter extraction will be presented.      
2.2 Near Infra-red Diffuse Photon Properties  
2.2.1 Oxygen and cell mechanism   
 The human body has many levels of structural organization.  The simplest 
is the chemical level, which consists of atoms; blocks of matter that are combined 
to form molecules such as water, sugar, and proteins. Cells are the smallest units of 
living things that is considered organelles and consist of molecules. Individual 
cells vary widely in size and shape, which reflects their unique functions in the 
body. Complex organisms such as human beings are composed of tissues, which 
are groups of similar cells that have a common function. There are four basic tissue 
types in the human body; epithelium, muscle, connective, and nervous tissue. Each 
tissue type has a characteristic role in the body. Epithelium covers the body surface 
and lines its cavities, muscle tissues provide movement capabilities, connective 
tissue gives support and protection to body organs, and nervous tissue provides a 
means of rapid internal communication by forming electrical impulses. Epithelium 
have high photon scattering and low photon absorption properties when its 
normally functional, and all other type of tissue have higher photon absorption and 
lower scattering properties due to its blood circulation and high oxygen absorption 
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[15]. Some of the organs would consist of one type of tissue while others would 
consist of a compound of two or three types of tissue, depending on its 
functionality.  
 Cells are the smallest basic living unit that builds the human tissues and 
organs. Organs operate depending on the necessities of the human’s biological 
needs. All cells have the same basic parts and some common functions. Human 
cells have three main parts: the plasma membrane, the cytoplasm, and the nucleus. 
The plasma membrane acts as the cell barrier to protect the interior of the cell. The 
cytoplasm is the interior of the cell, which has organelles, small structures that 
perform specific cell functions. The nucleus, which is surrounded by the 
cytoplasm, controls the cellular activities and lies in the center of the cell. All 
human tissues and organs depend on energy such as ATP, Adenosine triphosphate, 
to perform all functionalities. Therefore ATP is the energy needed for cells, 
tissues, and organs to live and perform all kind of activities. The need of ATP 
varies from one organ to another depending on the functionality of the organs. For 
example, a human brain that consists of nerve tissues require more energy than 
other type of tissues [16]. ATP is synthesized in the cytoplasm by an organelle 
called the mitochondria, which is called the powerhouse of the cell. The process of 
ATP synthesis takes place in the mitochondria and is explained by Krebs cycle. 
The Krebs cycle refers to a complex series of chemical reactions that produce 
carbon dioxide and ATP. The cycle occurs by essentially linking two carbon 
coenzymes with carbon compounds; the created compound then goes through a 
series of changes that produce energy. This cycle occurs in all cells that utilize 
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oxygen as part of their respiration process. Oxygen is about 65% of the human 
body and is a major component of both organic and inorganic molecules that as a 
gas, is needed through the Krebs cycle to produce cellular energy in the form of 
ATP [1].  
Oxygen is one of the main sources of energy, which is obtained by the 
respiration process through blood circulation. The blood circulation process is a 
result of the transport system that is the responsibility of the heart [1]. The heart is 
no more than the transport system that pumps blood to transport oxygen, nutrients, 
waste, and many other substances into the interconnecting blood vessels that move 
to and past the body cells. Two types of circulation take place through the double 
pump heart; one pumps oxygenated blood that delivers oxygen to cells needing to 
generate energy, and another pumps deoxygenated blood that goes back to the 
heart to transport more oxygen as shown in Figure 2.1. On a functionality level, 
this means the more active the organ, the more energy is required and therefore 
more oxygen is needed. This explains the basic need of oxygen as the main 
element of hemodynamic process in human body, as depicted in Figure 2.1. 
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Figure 2.1. Heart functionality of pumping Oxygenated and De-oxygenated hemoglobin  
2.2.2 Near Infra-red and Hemodynamic specification  
 There are different types of spectroscopy that can provide information 
related to Bio-functionality. Even though functional MRI can provide an accurate 
assessment for biological activity [17], it cannot determine if the activity is related 
to benign or malignant tumors [18]. Functional NIR, however, can give 
information related to amount of absorption of photons at different wavelengths in 
different biological matters. The absorption spectrum of hemoglobin depends on 
the level of oxygenation as shown in Figure 1.2. In this thesis, we will focus on 
functional spectroscopy measurements of biological matter at NIR wavelengths of 
670nm, 795nm, and 850nm, which can be used to accurately detect levels of 
oxygenated and deoxygenated hemoglobin from light absorption and scattering. 
The biological matter and photon absorption relation was first reported by Frans 
Jobsis in 1977 by showing that brain tissue has a high relative degree of 
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transparency in the NIR range, and it would enable real time non-invasive 
detection of hemoglobin oxygenation [19, 20].   
 Near infrared spectroscopy depends mainly on the transparency of human 
biological tissue or media in the NIR spectral window, and because light can 
penetrate, then either absorbed or scattered of photons will be observed. Photons 
are absorbed by pigmented compound (chromophores), which is a region in the 
molecule where the energy difference between two different molecular orbital's 
falls within the range of the visible spectrum. Visible light that hits the 
chromophore can be absorbed by exciting an electron from its ground state into an 
excited state [21]. Photons that do not get absorbed go into random scattering walk 
due to the high scattering properties of the biological media [22] and moves in 
favorable path upward [4]. Near infrared light has a high attenuation in bio-media 
due to chromophore hemoglobin, which is located in small vessels of the 
microcirculation such as capillary, and arteriolar. Knowing that blood is 
approximately 8% of the human body and around 30% of human brain [1], gives 
the NIR spectroscopy the advantage over other spectroscopes in obtaining 
information mainly concerned with blood circulation and oxygen absorption [8].  
 Photon source and detector is required in order to perform non-invasive 
NIR spectroscopy. Different techniques have been developed to utilize functional 
NIR imaging system [23]. These techniques were developed to achieve different 
features such as different penetration depths and extracting optical parameters such 
as absorption and scattering. The following sections will focus on explaining the 
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different technologies that are used to perform functional Near-infrared (fNIR) 
imaging along with review of its medical studies.   
2.2.3 Continuous Wave 
 fNIR technology based on continuous wave requires a source of light that 
would have a constant intensity [10, 24-37] or modulated at low frequency [24] to 
achieve deep penetration and sensitivity [34] as shown in Figure 2.2. Both source 
and detector of light are focused on the biological media through fibers that act as 
a transporter of photons. 
 
Figure 2.2. CW Concept of NIR optical source through biological tissue. 
 
 The source and detector separation is the key element to achieve different 
sensitivity levels because of different penetration depths associated with the 
separation [37]. This is simply a result of the light traveling in a shallow arc with a 
penetration depth of approximately one half the separation distance [34]. As show 
in Figure 2.3. the photons travel in scattering fashion because of scattering 
particles and reflects back in shallow arc movement. This technology is 
inexpensive and would provide information related to the absorption coefficient, 
because only light intensity is measured [26, 32, 35]. The CW system was first 
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designed for single channel and single wavelength by Hamamatsu in the eighties, 
and then followed by Hitachi and Shimadzu in 1988 [8]. The first optical 
computerized tomography for 10-channels, the CW system of multi wavelength 
was introduced by Hitachi and Shimadzu in 1994 [23] and followed by designs of 
24-channels in 2000, 42-channels in 2001, and 52 channels in 2007 [23]. A 
computerized system that can provide a 3D tomography along with multi-channels, 
the CW system was first introduced by NIRx Medical Technologies LLC in 1999. 
In 2006, fNIR Devices LLc started building and selling CW fNIR devices using 
technology licenses between Britton Chance and Drexel University Biomedical 
department. In 1993, European companies started developing such systems and 
companies such as Philips, Siemens and Zeiss contributed to studies related to 
human female breast research.   
 
Figure 2.3. Photon travels in scattering media and reflects back in shallow arc movement. 
 
 Some researchers at different universities and institutes have developed 
their own system to accommodate their medical research. In 1985, Britton Chance 
from University of Pennsylvania started building a CW system and started his own 
company called Near Infrared Monitoring, which operated between 1996 until 
2009 [30]. Harvard Medical School in Boston and State University of New York 
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Medical Center in Brooklyn collaborated since 1998 and developed a CW system 
that consists of 32 lasers and 32 detectors [8]. Both David Boas and Randall 
Babour used fNIR CW system in medical applications related to neuroimaging by 
combining both fNIR with EEG's [23]. Drexel University biomedical department 
initiated research studies in 1999 and followed by developing their own system to 
monitor brain activity [34]. In Europe, Simon Arridge from University College of 
London developed a system than can perform CW measurements for studies 
related to finite element analytical modeling [6]. 12- channel and 22 -channel 
systems were developed for research related to brain activity by Colier and co-
workers in 1999 through collaboration between Radboud University of Nijmegen 
and Humboldt University of Berlin [23].    
2.2.4 Time Domain   
 Time domain was first introduced in 1988 to generate images that would 
give information related to absorption and scattering in tissue [8]. The system 
consists of photon’s source that employs extremely short pulses and a fast time 
resolved receiver as shown in Figure 2.4. This system will not only use the 
intensity, but also the phase information related to photon time of flight through 
the tissue. Temporal response to the ultra-short laser pulses is measured and related 
to cerebral activities at different locations depending on the source-detector 
location [38]. Short pulses are generated by modulating the intensity through 
picosecond lasers while different detectors such as photomultipliers, charged-
coupled devices or just a simple avalanche photodiode [39] can be used. The 
measurements of this system are then applied to solve the inverse problem in order 
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to estimate both absorption and scattering coefficients [40-42] of the biological 
media.   
 
Figure 2.4. Time domain propagation concept of a NIR optical pulse through biological tissue. 
 
 The system has been developed in many research institutions and medical 
facilities. First, it was introduced in 1988 by two groups, one utilized in University 
College of London by David Delpy and another in the instrumental facilities of 
Coherent Laser Product Division by Britton Chance. Later the system was 
enhanced to have multi-channels to measure activities in different locations. In 
2000, Hoshi et al. demonstrated a 64-channel time domain system to monitor 
cerebral flow in children [43]. The system was designed by the Shimadzu 
Company in Japan. Hebden et al. from University College of London developed a 
32-channel time domain system in 2002 to create a 3D optical tomography of 
premature infant brain [44]. In 2005, Wabnitz et al. from The Physikalisch-
Technische Bundesanstalt in Germany developed a 16-channel time domain 
system [45, 46], and Selb et al. from Harvard University developed a 32-channel 
system [47]. Other companies such as Hamamatsu, Hitachi, and fNIR Device 
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Company have contributed by developing multi-channels system for research 
activities.  
 These different technologies were applied to different medical tasks. David 
Delpy used this technology to monitor cerebral oxygen and tissue optical 
quantification [48]. Martin Wolf used time domain technology to map the human 
brain and looked at the hemodynamic effect associated with different brain activity 
and cerebral activity [49]. He extended his research later to evaluate the oxy and 
de-oxy hemoglobin changes in the visual and motor cortex [50], detection of fast 
neuronal signal in motor cortex [51], localized irregulaties in hemoglobin flow and 
oxygenation in the calf muscle in patients with peripheral vascular disease [52], 
hemodynamic response to visual stimulation in new born infants [53], age related 
changes in cerebral hemodynamic [54], cerebral hemodynamic in snores and in 
patients with obstructive sleep apnea [55], and modeled the oxygenation in venous 
blood and skeleton muscle in response to exercise. Another group who used this 
technology is led by Yoko Hoshi, who looked at the hemodynamic changes and 
brain mapping of the prefrontal cortex activity during mental work in men [56], 
brain activity when seizure is induced [57], and regional cerebral flow changes 
associated with emotions in children [58]. Breast lesion early detection and its 
characterization studies were also conducted by Dirk Grosenick [46, 59] and 
Emmanuel de Haller [42], while 3D modeling of breast lesions and phantoms were 
done by Hebden [44]. Hebden then expanded the 3D method to include optical 
tomography of the premature infant brain [60]. Important studies associated with 
prostate cancer human tissue and optical parameter identification was done in 2004 
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by Alfano [61] along with studies related to hemodynamic response between 
wakefulness and sleep [62].                       
2.2.5 Frequency Domain   
 Many techniques have been demonstrated in time domain to obtain 
quantitative optical properties such as absorption (  ) and scattering (  ) 
coefficients [41]. While the time domain spectroscopy instrument has shown good 
sensitivity, the frequency domain method can be achieved more economically and 
is more suitable for real time monitoring in clinical usage [63]. The frequency 
domain method, in which the light source intensity is modulated at either single or 
broadband frequency, has been applied as an applicable method to study photon 
migration in a multilayer biological media and therefore monitor and extract the 
optical properties. As light travels outward from the photon source, Optical 
Transmitter, in a highly scattering medium, the flux energy density decreases more 
than exponentially with increasing distance from the source. In frequency domain 
instrument, the intensity of the light source is sinusoidally modulated as shown in 
Figure 2.5. The photon density wave can be said to propagate through the medium 
outward from the source. In a frequency modulated system, the source point is 
modulated and can be described by the equation   
 (   )     (    
   )         (2.1) 
where    is the amplitude of the modulation, and m is modulation index for 
modulation frequency of  .  
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Figure 2.5. Frequency domain concept 
 
 Even though the time domain technology was first introduced in 1988, yet 
the frequency domain system was first introduced by Klaus Berndt in 1990 [64]. 
The initial system was used in single frequency modulation of a couple Hz’s and 
later expanded to broadband frequency modulation of DC- 1GHz by Bruce 
Tromberg in 1994 [65]. The single frequency modulation is measurements that 
consist of modulating the photons at a certain frequency, which result in photons 
propagating through the media in a certain favorable path. In order to have 
different photon penetration depths, a multi distances of photon source and photon 
receiver have been used [66]. Modulated photons at different frequencies penetrate 
the media at different penetration depths.  The result of the most favorable path of 
the modulated photons is shown in Figure 2.6. which takes a banana shape region 
of photon path distribution [67]. In the application of frequency domain methods to 
the optical study of biological matter, there are a number of reasons for 
considering the use of frequency modulation up to 1GHz. In spectroscopy, intrinsic 
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inhomogeneous media can affect the intensity and the phase shift measurement to 
different extents [68]. 
 
Figure 2.6. Most favorable path of the photons which takes a banana shape 
 In fact, the influence of the optical properties of a specific spatial region 
can be substantially different in the intensity and phase measurements. To be 
effective in recovering the biological matter optical parameters, measurements in 
modulation frequency range extending from a few MHz to 1GHz is required [68, 
69].     
Frequency modulation was first developed by Klaus Berndt is 1990 to study the 
photon migration in arm and fingers using broadband modulation of 10-3000MHz. 
Later in 1993, both Fishkin and Gratton have derived a simple relationship for 
frequency domain measurements in an infinite turbid medium. The relationship 
equation is based on the diffusion approximation to the Boltzmann transport 
equation and were derived using approximations based on the condition that 
reduced scattering coefﬁcient is much larger than absorption coefﬁcient   
    , 
the source–detector separation distance (r) is much larger than the average distance 
between scattering events (  
 
  
), and that modulation frequency is much smaller 
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than the scattering rate        
  . Sergio Fantini extended the solution of the 
diffusion approximation to accommodate the semi-infinite medium [68, 70]. The 
single frequency modulation methods have been applied on either Gratton’s or 
Fantini’s analytical approaches. Britton Chance applied the Fantini approach to 
study single frequency modulation in various non-invasive and quantitative 
measurements for hemodynamic changes [71], biological matter quantification 
[72], optical properties in infant brain [73], and breast lesion identification [74]. 
Enrico Gratton designed a multi-source frequency domain spectrometer in 1994 
and applied the technology to quantify absorption and scattering chromophores in 
strongly scattering media using single frequency modulation of 60MHz, and 
investigated the optical properties of the human head using 110MHz [21].  Studies 
related to breast tissue using single frequency modulation have also been 
demonstrated by Keith Paulsen in 2003 to quantify the normal breast optical 
properties using frequency modulation of 500Hz [75]. The majority of single 
frequency modulation method used low frequency modulation (less than 200MHz) 
in order to achieve deep photon penetration depth when compared to 1GHz, which 
is a shallow photon penetration depth [76].  
 The broadband frequency modulation solution of the diffusion equation 
was introduced by M Patterson in 1991 [77] to determine the scattering and 
absorption properties of biological media using reflectance mode. This method has 
been extended by Bruce Tromberg in 1994 to measure the optical properties in 
multiple scattering media [65]. Broadband frequency modulation of the photons 
from DC-1GHz have been applied by Tromberg in order to measure the normal 
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and malignant tissue [78] in human subjects using multi-wavelength ranging from 
674-956nm, and because of the ability to measure multi-depth penetration using 
the broadband modulation he used the method to quantify the human brain’s 
optical properties [9]. Therefore the frequency modulation of photons has an 
advantage of multi-depth penetration and can achieve photons penetrating different 
layers of inhomogeneous biological media.       
2.3 Medical Application  
 The previous sections of this chapter gave an overview of the fNIR 
methods and technologies with a light scope of its medical application. This 
section will expand on the medical application in details and explain how fNIR 
technology is designed and implemented to perform the desired medical optical 
imaging. The trade-off of different technology depends on the medical needs of 
having deep or shallow photon penetrations, which gives information to shallow or 
deep optical parameters of the biological medium as shown in Figure 2.7.  
 
Figure 2.7. Multi-layer penetration for human brain imaging application  
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2.3.1 Hemodynamic   
 Principle hemodynamic is the process of blood movement in the human 
body. The heart is responsible of blood movement since it pumps the blood to 
circulate in order to provide oxygen. Oxygen is provided to the cell to perform its 
normal living tasks. Hemodynamic measurements are associated with knowing and 
identifying the blood circulation of both oxygenated and deoxygenated 
hemoglobin.  As explained previously optical imaging using near infrared can 
provide accurate information related to Oxy and Deoxy-hemoglobin.  Knowing the 
optical parameters of certain regions of the human body would show the 
hemodynamic response at that region.  In healthy human adults, cerebral 
concentration of oxygenated hemoglobin and deoxygenated hemoglobin were 
assessed during brain activity by different near infrared optical imaging 
technologies. Measurements are usually made in either the frontal cortex during 
performance of cognitive tasks or in the occipital cortex during visual stimulations. 
The typical findings during brain activation were an increase in oxygenated 
hemoglobin and a decrease in deoxygenated hemoglobin [8, 23]. In order to 
address the issue of hemodynamics, both oxygenated [HbO] and deoxygenated 
[Hb] hemoglobin need to be calculated. Different methods have been applied to 
this task and are widely used in the Beer-Lambert law. Using NIR imaging light 
intensity can identify the global changes in oxy- and deoxyhemoglobin. The 
technique is based on the absorption of near infrared light by oxy- and 
deoxyhemoglobin. Changes in the concentrations of these chromophores are 
quantiﬁed using a modiﬁed Beer–Lambert law, which is an empirical description 
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of optical attenuation in a highly scattering medium. The modiﬁed Beer–Lambert 
law is: 
       
 
  
           (2.2) 
where OD is the optical density, Io is the incident light intensity, I is the detected 
light intensity, e is the extinction coefficient of the chromophore, C is the 
concentration of the chromophore, L is the distance between where the light enters 
the tissue and where the detected light exits the tissue, B is a path length factor that 
accounts for increases in the photon path length caused by tissue scattering, and G 
is a factor that accounts for the measurement geometry. A change in the 
chromophore concentration causes the detected intensity to change. When the 
concentration changes, the extinction coefficient e and distance L remain constant 
and it is assumed that B and G remain constant. Modified Beer-Lambert equation 
can be rewritten as [29-31]:  
        
      
        
         (2.3) 
where                       is the change in optical density         and 
         are the measured intensities before and after the concentration change, and 
 C is the change in concentration. L is speciﬁed by the probe geometry,   is an 
intrinsic property of the chromophore, and B is often referred to as the differential 
pathlength factor (DPF) and can be determined from independent measurements 
with ultrashort pulses of light [79] and has been tabulated for various tissues. To 
explicitly account for independent concentration changes in oxyhemoglobin 
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(      ) and deoxyhemoglobin (     ) a contribution of two chromophores is 
needed as:  
     (    
           
      )     (2.4) 
Measuring  OD at two wavelengths (   and   ) and using the known extinction 
coefficients of oxyhemoglobin (eHbO) and deoxyhemoglobin (eHb) at those 
wavelengths, we can then determine the concentration changes of oxyhemoglobin 
and deoxyhemoglobin be [29-31]:  
(     )  
    
     
  
   
     
     
  
   
(   
      
      
      
  ) 
   (2.5) 
(      )  
   
     
  
   
    
     
  
   
(   
      
      
      
  ) 
   (2.6) 
Therefore, measurements of optical densities at different locations would result in 
explaining the hemodynamic of both oxy- and deoxy-hemoglobin at that location. 
Methods of CW, TD, and FD have been applied to measure the hemodynamic 
process for different medical applications related to single layer biological media 
or two layer that has similar optical parameters [80]. Majority of systems is fiber-
based system where fiber optics are needed to be the contact media between the 
transmitter/receiver and bio-tissue as shown in Figure 2.8.   
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Figure 2.8. Breast phantom with fiber base system optical imaging system [81]. 
2.3.3 Wound healing  
 Wound healing, or wound repair, is an intricate process in which the skin 
(or another organ-tissue) repairs/mends itself after injury. In normal skin, the 
epidermis (outermost layer) and dermis (inner or deeper layer) exists in steady-
state equilibrium, forming a protective barrier against the external environment. 
Once the protective barrier is broken, the normal (physiologic) process of wound 
healing is immediately set in motion. The classic model of wound healing is 
divided into four sequential, overlapping, phases: 1. hemostasis; 2. inflammatory; 
3. proliferative; 4. Remodeling. Upon injury to the skin, a set of complex 
biochemical events takes place in a closely orchestrated cascade to repair the 
damage. Within minutes post-injury, platelets (thrombocytes) aggregate at the 
injury site to form a fibrin clot. This clot acts to control active bleeding 
(hemostasis). In human physiology, both tissue oxygenation and blood volume 
have shown to serve as excellent indicators of the wound healing process. Studies 
have shown that the inflammatory cells present in wounds consume high amounts 
of oxygen in the production of bacteria-killing oxidants [82]. On the other hand, 
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angiogenesis, collagen synthesis, and epithelialization are all important and critical 
bio-processes in wound healing, and all require a high concentration of oxygen 
[83]. Tissue perfusion and limited oxygenation have been linked to impaired 
wound healing [84]. This indicates that tissue oxygenation and blood volume in the 
wound process would serve as reliable indicators of wound healing bio-progress. 
Therefore, oxygen plays a vital role in enzymatic and cellular metabolic 
reactions necessary for cell growth and proliferation. The greater the hemoglobin 
level, the greater amount of oxygen may be transported to tissues and the greater 
capacity for wound healing. Previous testing has shown that the rate of change of 
oxygenated hemoglobin concentration in healing wounds is greater than the rate of 
change in deoxygenated hemoglobin concentration [85]. Increased values of 
oxygenated hemoglobin would be expected during the late inflammatory or early 
proliferation stages of normal wound healing, as angiogenesis increases the supply 
of oxygenated blood to the wound. In the late proliferation stage, angiogenesis 
stops and blood vessels begin to break down as a result of apoptosis [84]. 
Metabolic activity within the wound bed would correspond to relatively constant 
deoxygenated hemoglobin levels, assuming that an adequate supply of oxygenated 
blood is being delivered to the wound.  
Functional near infrared imaging have been shown as a good tool for 
monitoring wound activity [86], the only technology that have been used is the 
CW system [86] and frequency domain [87]. Other systems such as Time domain 
can be applied to monitor the wound healing process. Since only shallow photon 
tissue penetration is needed it’s not required to have the system that is capable of 
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deep penetration such as the time of frequency domain system, even though system 
of frequency domain have also been applied at single low frequency of 70MHz 
[87].  The CW or frequency domain system used for this medical application is a 
simple system that consists of a frequency generator, diode lasers, optical switch, 
optical fibers, and avalanche photodiode as shown in Figure 2.9.   
 
Figure 2.9. Frequency domain functional imaging conceptual system  
2.3.5 Organ functionality and Traumatic brain injury (TBI) 
 Each organ is defined with specific tasks in the human body. These tasks 
depend on oxygen in order to be performed, and normal functionality can be 
measured using near infrared (NIR) imaging. Organs absorb oxygen at a certain 
range at which the organ is known to have normal activity and beyond that range, 
it’s known to be abnormal and an indication of tumor growth [88]. There are many 
biological processes that cannot be easily or directly monitored by using magnetic 
resonance imaging (MRI), computed tomography (CT), or nuclear imaging 
because key molecules in these processes are not distinguishable from each other 
with these imaging techniques [89, 90]. Since near-infrared imaging offers a 
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unique advantage for imaging of pathophysiological states then medical diagnosis 
and assessments, would be more efficient and lead to high quality healthcare.  
Early detection of small primary tumors remains the mainstay of successful cancer 
therapy and improves survival rates [8]. In particular, early detection of breast 
tumor and brain tumor represent a diagnostic challenge. Optical imaging studies of 
the breast has undergone a steady growth over the past decade as an optical 
imaging modality for the detection, diagnosis and clinical management of cancer 
[89, 91-94]. The optical methods rely on the contrast in light transmitted through 
or reflected off the breast due to variations in endogenous chromophores to 
distinguish between healthy and diseased tissue [89]. The female breast consists of 
glandular, fatty and fibrous tissue located over the pectoralis muscles of the chest 
wall and attached to these muscles by the Cooper’s ligaments. The breast in 
general is supplied with blood with increased vasculature in the glandular tissue 
when compared to the fibrous and adipose tissue [89]. Most optical breast imaging 
techniques rely on a relatively simple concept. NIR light is capable of being 
detected after it has been transmitted across several centimeters of breast tissue. 
Within the breast, light is both absorbed and scattered. The number of absorption 
events per unit length is referred to as the absorption coefficient (  ). The 
dominant light absorbing molecules (chromophores) in biological tissue are 
oxyhaemoglobin (HbO) and deoxyhaemoglobin (Hb). The fact that these 
chromophores have different absorption spectra at NIR wavelengths enables 
spectroscopic resolution of HbT concentration and SO2. The number of scattering 
events per unit length of tissue is known as the scattering coefficient (  ), although 
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tissues are more often characterized in terms of the reduced scatter coefficient (  
 ), 
which is the effective number of isotropic scatters per unit length. Most biological 
tissues are scattering very highly. Absorption and scattering coefﬁcients are 
commonly used to derive values for clinically relevant tissue constituents such as 
HbT and SO2, such that these parameters can be compared between healthy and 
diseased breasts. It is vital to appreciate optical properties of normal breast tissue if 
we are to make sense of the comparisons with benign and malignant disease.  
The same concept of measuring the optical parameters is applied to the 
human brain to detect early forms of tumor or brain injury [9, 32, 71, 95-97].  One 
hallmark pathological process in traumatic brain injury (TBI) is intracranial injury, 
which occurs in 45% of severe head trauma cases [98, 99]. There are four major 
types of traumatic intracranial injury: subdural, epidural, and intracerebral 
hematomas, and subarachnoid hemorrhage. Each of these lesions has characteristic 
clinical and CT scan ﬁndings, and can be present on admission to the hospital, or 
can occur in a delayed fashion [98]. Early diagnosis and surgical evacuation of 
intracranial injuries are fundamental management principles for traumatic brain 
injuries [99]. In a pilot study (305 patients) conducted with a NIR unit, sensitivity 
for extracerebral hematomas was 100%, and sensitivity for intracerebral 
hematomas was 98% when compared to CT scan readings [100]. In 93% of late-
onset lesions, the NIR system detected onset more rapidly than conventional 
monitoring methods such as ICP and other neurological examination. It was not 
possible to detect type of the hematomas, but it is possible to detect the presence of 
any type of traumatic intracranial hematoma. 
35 
 
 Other groups have reported the use of NIR technology to identify 
intracranial hematomas. Kahraman et.al [101, 102] studied the use of an NIR 
device in patients with subdural and epidural hematomas, and found an overall 
sensitivity of 0.87 compared to CT scanning. All patients with acute intracranial 
hematomas were identiﬁed. The four patients in this study in whom a subdural 
hematoma was not detected with the NIR device had chronic subdural hematomas 
for which the absorption characteristics of the blood may have been different. 
Francis et al. [103] studied 71 patients undergoing CT scanning for a suspected 
brain lesion. All of the patients with a difference in optical density detected by the 
NIR technique had a unilateral lesion on CT scan. In two trauma centers, where 
110 patients underwent evaluation with a portable NIR device prior to CT 
scanning, the NIR assessment had a sensitivity of 90.5% and speciﬁcity of 95.5% 
for extracerebral hematomas [100]. Early identiﬁcation of intracranial hematomas 
in TBI patients allows early surgical evacuation, which can be an important 
determinant of outcome. In one study, Seelig et al. [104] showed that a delay of 
more than 4 hours between injury and the evacuation of a traumatic subdural 
hematoma increased mortality and decrease chances of survival. 
2.4 Propagation of Diffuse photon density function  
 Analytical solution to the photon transport equation [77, 105-108] that 
predicts spatial and temporal evolution of photons through biological matter is of 
great interest to solve the inverse problem of physiological extraction that is used 
for biomedical imaging. In many cases, an exact solution of the transport equation 
is not possible and instead a variety of approximations have been used. Various 
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methods are reported of describing the photon movements/migration in any turbid 
medium [77, 105-108]; among them Monte Carlo (MC) simulation and Finite 
Element (FE), which both would give an approximation for the diffused photon 
movement. The basic premise of MC simulation is that complex particle- 
biological matter interactions can be treated as stochastic process, while the FE is 
based on the partial differential solution of diffusion equation. The computational 
tool required for inverse problem solution using MC technique is computationally 
prohibitive for complex structures such as the brain and is time consuming 
compared to the FE. On the other hand, alternative analytical simplified diffusion 
equation (DE) modeling technique can also be used to model photon migration 
through tissue by explaining absorption and scattering coefficients. The analytical 
simplified diffusion equation has been applied to the homogenous media and 
human regions where two-biological layers can be modeled as one layer [109]. 
This section will go over the radiative transfer equation and the solution of the 
diffusion equation as a simple analytical method used to predict the optical 
parameter using the inverse problem solving. 
2.4.1Radiative Transfer Equation  
 The radiative transfer function states that energy generated along  ̂(source) 
and energy that is coming from any direction that is scattered in direction  ̂ is 
equal to the total temporal change of energy that is propagating along  ̂, the net 
flux of energy that is propagating along  ̂, and the fraction of energy that is 
propagating along  ̂ extracted by scattering and absorption 
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Where C is the speed of light in the medium,  (   ̂  ) is the radiance,    is the 
absorption coefficient,    is the scattering coefficient,   ( ̂   ̂
 ) is the normalized 
differential scattering cross section, r  is the vector position, s is the unit vector 
pointing in the direction of interest, and  (   ̂  ) is the energy source. To solve 
the BTE to obtain the diffusion equation the flux vector needs to be expressed as a 
function of the fluence rate.  
2.4.2 Diffusion Equation 
 As shown in the previous section the DE is derived from the Boltzmann 
Transport Equation. Knowledge of the optical properties of biological tissue is 
important for many applications of light in medicine. Derivation of the absorption 
and scattering coefﬁcients from a set of measurements requires a theoretical 
model. The transport equation [110] can be used to describe light propagation in 
tissue, but because this equation can only be solved numerically for most cases of 
interest, the diffusion approximation is often applied. Solutions of the diffusion 
equation for simple geometries can be readily obtained but the diffusion 
approximation breaks down near a radiation source [111]. This region is of special 
interest in applications such as endoscopy and coherent light measurements. This 
section will focus on the mathematical solution of DE that can be applied to the 
modulated photon transport phenomenon.  
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2.4.2.1 Reflectance and Transmission Mode 
 At least three different boundary conditions have been applied to solve the 
diffusion equation for photon propagation in turbid media. The zero-boundary 
condition, the extrapolated boundary condition and the partial-current boundary 
condition were used to calculate the reﬂectance from a semi-inﬁnite turbid medium 
in the time domain [41], in the frequency domain [63] and in the steady-state 
domain [41]. These quantities are linked by the Fourier transform. In the 
frequency-domain method, the source is sinusoidally modulated ( (   )    (  
     ) where m is the amplitude modulation index at time harmonic modulation 
frequency of  ) and thus the measured signal at the detector is also sinusoidal, but 
the oscillation is delayed in time and the modulation is reduced. The observable 
quantities in the frequency domain are the phase angle   between source and the 
detected signal, the modulation     . The diffusion equation states:  
 
 
  (   ̂  )
  
     (   )   (  ) (   )   (   ̂  )   (2.8) 
and we are interested in the solution of  (   )for reflectance or transmittance 
mode. For example, solutions of DE for a homogenous medium as shown in Figure 
2.10. can be described as a function of separation between optical source and 
optical detector. Since we are interested in clinical application, only the reflectance 
mode matters from our analysis.  The PDW is expressed for a sinusoidal point 
source modulated at angular frequency of  =2 f in a semi-infinite medium for 
reflectance mode as [112]: 
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39 
 
where Adc and Aac are respectively the DC and RF components of the source,  is 
the DC penetration depth, and kreal and kimag are the real and imaginary components 
of PDW complex wave number. Therefore reflectance mode solution will be:  
 (   )       ( )         (
    
    
)        (2.10) 
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c is the speed of light in the medium; D is the diffusion coefficient )3(1 sD   and 
  is the separation distance between transmitter and receiver. 
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Figure 2.10. Reflection mode photon mfp used for the solution of DE in the homogenous media 
 
Green’s function for transmittance mode diffusion equation is described as: 
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where k  is the complex wave vector, imagreal ikkk   and defined as 
)/(/ DciDak   . The frequency domain depends on the frequency 
modulation of the photons. This method have been used to investigate the optical 
propertied of biological matter, and both single frequency and broadband 
modulation technique can be applied. Studies used either the insertion loss or the 
insertion phase information to extract the optical parameter through the inverse 
problem solving that is applicable in Matlab.  The extraction of accurate absorption 
and scattering coefficients for biological matter turbid media can be enhanced 
through the use of broadband frequency-domain measurements [69, 113]. It is 
proposed that broadband frequency modulation would give a better and more 
accurate assessment for optical parameter extraction. Tissue quantification studies 
show [63] that broadband modulation (DC-1GHz) would give a high accuracy 
when both malignant and benign tumors are present. 
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2.4.2.2 Anisotropic Factor  
 The interaction due to scattering is described by the scattering coefficient 
  and by the scattering phase function  (  ̂   ̂). The scattering coefficient is 
defined as the ratio between the power scattered in the unit volume and the power 
incident per unit area. The scattering function is defined as the probability that a 
photon traveling in direction  ̂ is scattered within the unit solid angle around 
direction   ̂. When propagation is dominated by multiple scattering, which is the 
case when modulated photons are travelling through the bio-media, a single 
number can be sufficient to characterize the scattering function that is the 
asymmetry factor  . The asymmetry factor is defined as the average cosine of the 
scattering angle [110, 114]:  
  〈    〉    ∫       ( )        
 
 
  (2.13) 
This factor is an important when high scattering media interacted with the photons 
[110]. The factor then modifies the scattering coefficients based on studies 
contributed by the Monte Carlo simulation to justify the real effect of photons. 
This results in what is called the reduced scattering coefficient that is:  
  
    (   )   (2.14) 
 
2.5 Modeling techniques for Optical Parameter extraction  
 After introducing NIR tissue measurements methods, a number of light 
propagation models and methods of photon migration in the bio-media have been 
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developed by various research groups. The majority of the methods and modeling 
falls in-between two main categories: either analytical or numerical [106] methods. 
Analytical models have the advantage of being computationally fast, but suffer 
from the disadvantage of being limited to simple homogenous geometries [115]. 
On the other hand, numerical models based on Monte Carlo models have the 
potential of being able to model both complex geometries as well as complex 
heterogeneous media, but required longer computation times. The most promising 
reason for adoption of numerical approaches is to facilitate the combination of NIR 
spectroscopy with standard clinical imaging systems, using predefined tissue 
geometries as the input domain [115]. The basic premise of MC simulation is that 
complex particle-biological matter interactions can be treated as stochastic process, 
with simulated random movement samples from probability density functions. 
Even though the MC simulation of two layers shows a good result when it’s 
compared to two layer diffusion equation , but it requires high amount of 
computational time when compared to the Finite Element Modeling (FEM) [116, 
117]. 
2.5.1 Analytical Approach 
 The solution to the diffusion equation explained in the previous sections 
has been used in order to model the frequency modulated photon behavior and 
extract optical parameter of the homogenous bio-media. The method consists of 
mathematically applying the DE through MATLAB and use the least square error 
curve algorithm (lsqcurvefit from MATLAB) to minimize the error differences 
based on the Levenberg-Macquart technique. 
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2.5.1.1 Homogenous vs. Inhomogeneous 
 The analytical solution for the diffusion equation is applicable to the 
homogenous medium and its extension through MC and FEM have been used to 
model the inhomogeneous medium. The photon travels through the homogenous 
medium as shown in Figure 2.11 and suffers from absorption and scattering. Near 
Infrared imaging technology has been applied on homogenous media to identify 
the optical parameters of different human biological media. More complex bio-
organs such as the brain becomes a challenge when the DE is used [117]. Studies 
have shown that using the DE is sufficient when used on infant brains to monitor 
their activity and address pain assessments [73].  
 
Figure 2.11. Photon either absorbed by absorbed particles or reflected by reflected particles.  
 
That’s because the infant brain barrier such as skull and scalp have not been fully 
developed yet and the solution of the simplified DE is sufficient to model the 
photon behavior at that stage. Other groups have applied the DE along with 
extension through the MC simulation to model and extract the optical parameters 
of the inhomogeneous medium such as the brain [117] and extract the optical 
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properties along with the hemodynamic response monitoring. It has been shown 
that DE along with MC simulation can predict the optical parameters of the multi-
layer medium, but it would require an excessive amount of time to compute the 
inverse problem solving [116]. The analytical solution of the DE using FEM has 
also been used to model the modulated photon behavior in both homogenous and 
inhomogeneous media [116], and specially modeling photon movement in the 
multi-layer biological medium such as the brain.          
2.5.2 Numerical and Simulation approach 
 The advantage of numerical methods comes from its capability to be 
applied to very general reconstruction problems, regardless of geometry of the 
medium and distribution of the optical properties.  
2.5.2.1 Monte Carlo  
 Monte Carlo uses a numerical method based on a stochastic technique and 
considered a non-deterministic method. The method provides approximate and 
accurate solutions to a variety of physical, biomedical, and mathematical problems 
that are difficult to solve. Studies have shown that MC is able to simulate light 
transport through biological media such as human tissue. A random phenomenon 
occurs when light interacts with tissue and at each point of interaction, we don’t 
know whether light will get scattered or absorbed. The Monte Carlo technique has 
proven [115, 117, 118] that its efficiency to simulate these random events of either 
absorption or scattering of photons.  
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The important aspect of optical parameter extraction is the inverse problem 
solving for the inhomogeneous medium that consist of two and three layers. In 
most of the studies that investigated the photon migration and optical parameter 
extraction of inhomogeneous medium, a simple two-layer model may be adequate 
for many situations. The Monte Carlo method for the two layers model usually 
predicts the optical parameters of four quantities, which consist of the absorption 
and scattering of both layer one and two (           
     
 ) as shown in Figure 
2.12.  
 
Figure 2.12. Two layers with different optical parameters that is defined based on the absorption     
( ) and scattering particles ( ).  
 This problem has been addressed by a number of researchers [117] to 
estimate the four or more optical properties. To estimate these optical parameters, 
the inverse problem of MC would be obtained by minimization of the difference 
between optical measurements and corresponding calculations of a forward model 
of light propagation in the two-layer structure [119]. The Monte Carlo method is 
very attractive, but it’s very time consuming [120]. Even though the two layer 
model that has been used along with the Diffusion Equation is sufficient in many 
medical modeling, it’s not realistic when applied to the four layer human head. 
Layers of skull and scalp have different optical parameters and CSF will change 
the anisotropic factor because of its scattering properties [110]. The challenge 
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comes with the complex geometry and time consumption when solving the inverse 
problem [121] along with accuracy of optical parameter extraction. Another 
important factor, is modeling the sensitivity of penetration depth according to the 
frequency modulation that has not been fully understood by the numerical 
modeling of MC.       
2.5.2.2 Numerical Simulation FE  
 Any engineering problem is defined as mathematical models of physical 
situations. These mathematical models are a set of differential equations with their 
corresponding boundary and/or initial conditions. The differential equation is 
derived from the applying the fundamental law and principles of nature to a 
system. The equations basically represent balance of mass, force, or energy. The 
exact solution of these equations renders detailed behavior of a system under 
certain given conditions.  There are two sets of design parameters that influence 
the way in which a system behaves in any engineering problem. First, are those 
parameters that provide information regarding the natural behavior of any given 
system, for example, material and geometric properties. Second are those 
parameters that produce disturbance in a system such as temperature, heat, 
moments, and external force.   Since inability to obtain an exact solution, which 
may be attribute to either the complex nature of the differential equations or 
difficulties in dealing with the boundary conditions, then numerical approximation 
is sufficient to deal with such problems. There are two common classes of 
numerical methods related to finite method analysis; one is the finite difference 
method and another is the finite element method. In the finite difference method 
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the differential equation is written for each node, and the derivatives are replaced 
by difference equations, The approach results in a set of linear equations and 
considered an easy understanding  [122]. Even though the finite difference method 
employs simple problems, it becomes difficult for problems with complex 
geometry or complex boundary conditions [120]. In contrast, finite element 
method uses integral formulations rather than the difference method to create a 
system of algebraic equations. The unknown functions in FEM are approximated 
by functions generated from polynomials. The entire solution domain must be 
discretized (meshed) into simply shaped subdomains called elements. Finite 
element method (FEM) can be applied to almost any type of analysis with great 
deal of generality and numerical efficiency.  
The analytical model of photon transport in tissue using FEM has been first 
introduced by Simon Arridge et.al in 1993 [116]. They demonstrated the ability of 
FEM to model the photon density inside an object with photon flux along the 
geometric boundaries. That was based on the assumption that photon transport is 
diffusion approximation to the radiative transfer equation. The advantage of the 
FEM is the ability to compute the display of the analyzed differential equation 
faster than any other numerical modeling. Other researchers have applied FEM to 
construct methods of imaging the photon distribution and extract the optical 
parameters of bio-media [121]. Imaging using FEM have been widely used in the 
field of bio-optics to comply analyzed data for system such as CW, TD, and FD. 
These numerical models of FEM have been applied on single frequency 
modulation technique using MATLAB coding [116].        
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2.6. Summary and critiques   
 In this chapter an overview of the biological matter relation to photons in 
the NIR regions and technical methods to perform medical imaging based on 
optics have been introduced and reviewed along with the analytical and numerical 
methods used to extract the optical parameters to perform medical assessments and 
diagnoses. The chapter gave an introduction to the three main technologies of CW, 
TD, and FD to perform imaging using photons in the NIR. These technologies are 
used for different purposes related to functional imaging.  
There are some limitations within these technologies in which only one or 
two optical parameters can be used. Different hardware topologies of these 
systems can perform different photon penetration depths to give accurate and 
enough data to enhance the process of optical parameters extraction in 
homogenous and inhomogeneous layer. Continuous Wave system results in one 
direction of photon penetration depth unless different separation between the 
optical transmitter and optical transmitter is applied, and the CW system can only 
extract absorption coefficient. Time Domain method requires more complex 
hardware system and provides multi-photon penetration depth along with the 
ability to extract both absorption and scattering coefficients. The Frequency 
Domain method is less complex when compared to the TD method and provides 
more accurate optical parameter extraction of absorption and scattering parameters 
when broadband modulation frequencies are employed.    
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Analytical methods based on the diffusion equation (DE) used to solve the 
inverse problem is limited to the homogenous media and would not provide 
accurate assessments to optical parameters extraction. Numerical methods such as 
Monte Carlo (MC) and Finite Element Method (FEM) are more practical and can 
be applied to both homogenous and inhomogeneous media. The MC method is 
very time consuming when compared to the FEM. Both MC and FEM methods are 
sufficient when it comes to optical parameters extraction, but FEM has an 
advantage of being a faster tool. The sensitivity of broadband frequency 
modulation to different thickness of inhomogeneous biological media has not been 
fully understood, and researchers have not addressed this topic.  
Accordingly, the contributions of this thesis are as follows: 
 Improve optical imaging system using NIR by providing accurate optical 
parameter extraction method using broadband frequency modulation and FEM 
numerical tool (e.g., commercially available COMSOL from FEMLAB).   
 Improve the optical imaging system using NIR by providing novel method of 
differential detection and the practical curve fitting in order to remove the common 
interface artifacts by subtracting common sources of hardware systematic errors.  
 Improve the optical imaging system using NIR by introducing accurate and time 
efficient meshing structures for FEM based numerical modeling and providing the 
sensitivity of broadband frequency modulation to different thicknesses of 
inhomogeneous biological media.  
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 Apply developed FEM based meshing structure to numerical modeling and 
experimental extraction procedures to identify certain medical conditions such as 
Traumatic brain injury (TBI)  
To fulfill these goals, the following tasks have been accomplished as part of this 
thesis:  
1) Design, test, and fabricate of optical transmitter of three wavelengths in order to 
perform the broadband measurements.   
The purpose of this part is to have a system that is capable to perform single and 
broadband frequency modulation imaging. The concept of the two separation 
method (differential detection) to eliminate hardware artifact is provided using 
these modules.  
2) Modeled the modulated photon behavior in homogenous and inhomogeneous 
media using FEM modeling.  
COMSOL is a multi-physics tool that is based on the FEM. Building the model to 
present the optical transmitter as a photon source and optical receiver as a photon 
detector is an important step to provide an accurate numerical method to show the 
strength of optical parameter extraction and frequency sensitivity to different bio-
layers.   
3) Designed and acquired phantoms that resemble normal and abnormal human head 
biological media in order to perform experimental procedure and compare it to 
FEM 3D simulation results.      
The phantoms were used to resemble both homogenous and inhomogeneous 
media. The design of these phantoms is based on the optical parameters of 
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different layers of the human head such as scalp, skull, and cortex for normal 
human head and scalp, skull, occlusions layer, and cortex for abnormal human had 
phantom. The phantoms are designed to have the capability of having an occlusion 
with different diameters in between any layer of these three layers. The hardware 
modules are used to perform the FD spectroscopy technique on these phantoms 
with occlusion to study frequency sensitivity and TBI and along with FEM 
numerical model numerical result, an extraction of optical parameters is 
performed.  
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CHAPTER III 
ANALYTICAL AND NUMERICAL METHOD ANALYSIS FOR 
HOMOGENOUS BIOLOGICLA MEDIA 
3.1 Introduction 
 Photon behavior in biological high scattering media is of great interest to 
researches in the field of bio-optics imaging. The ability to understand the 
relationship between photons and biological media reveals information of 
absorption or scattering that is related to hemodynamic process. Modeling the 
hemodynamic process through either absorption or scattering of photons in the 
biological media using either analytical or numerical methods helps in accurate 
medical diagnosis. This chapter introduces the standard Diffusion Equation (DE) 
as an analytical modeling tool to model the frequency modulated photons in 
homogenous highly scattering media and extend the solution through Finite 
Element Method (FEM) for both two dimension (2D) and three dimension (3D). In 
order to complete thesis analysis, this chapter introduces the hardware requirement 
to accompany the experimental environment that consists of phantoms and high 
frequency electronics of the optical transmitter and the receiver. Associated with 
experimental procedure, random errors are introduced as a result to hardware 
uncorrelated noise sources from the optical transmitter and receiver which 
combined to quantify free space measurement noise floor level that needs to be 
removed for more accurate assessment. The objective of this chapter is to first 
introduce the diffusion equation as an analytical tool to predict the frequency 
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modulated photon migration through homogenous media and then validate the use 
of a commercially available FEM based tool to solve the inverse problem and to 
extract absorption and reduced scattering coefficients of various homogenous 
phantoms by fitting predicted results to broadband frequency modulated (from 30-
1000 MHz) measurements.  
3.2 Frequency domain homogenous bio-media modeling 
 The frequency domain system uses the radio frequency signal to modulate 
the photons traveling in the media. Amplitude and phase of the radio frequency 
signal coming out of the biological media, which is measured as Insertion Loss and 
Insertion Phase, is then monitored and used in the inverse problem solving using 
the Diffusion Equation analytical solution. The advantage of the frequency domain 
relies in the capability of modulated photons to travel in different depths and 
therefore act as scanner and result in a wide range of frequency dependent 
information.  
3.2.1 The solution of DE 
 The simplified diffusion equation is used to model frequency modulated 
photon migration uniform homogenous media by extending the Boltzman transport 
theory [77]. It has been demonstrated that the DE could predict a behavior as 
accurate as MC technique for modulation frequencies up to 1 GHz [65]. The 
diffusion equation has been used in our analysis for broadband frequency 
modulation analysis and extraction of the optical parameters.  The derived 
diffusion equation states:  
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and c is the speed of light in the media. The photon density wave (PDW) is 
expressed for a sinusoidal point source modulated at angular frequency of   
    in a semi-infinite medium as [63]: 
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where Adc and Aac are respectively the DC (unmodulated) and AC (modulated) 
components of the source,  is the light penetration depth for unmodulated light, 
and kreal and kimag are the real and imaginary components of complex wave number 
that describes spatial evolution for the PDW. Parameter D is the diffusion 
coefficient   
 
    
  and r is the separation distance between transmitter and 
receiver.  
3.2.2 Transmission and reflection mode 
 The photons travel in different directions, depending on a couple of 
parameters such as incident photon angle, scattering and absorption of photons 
when interacted with bio-media. Different modeling based on photon traveling in a 
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high scattering media such as tissue have been studied to accumulate the photon 
behavior though extracting the optical parameters of that high scattering media. 
The diffusion equation is then simplified to approximate the photon behavior when 
traveling in either transmission of reflection mode as shown in Fig 3.1  
 
Figure 3.1 Modeling based on photon behavior in either reflection (a) or transmission (b) modes. 
  
The approximation is based on the time of travel of the photon and its 
solution through Green’s function. The transmission mode photon traveling result 
in:  
 ( )  
 
    
    (   )                                                                       (3.6) 
And in the frequency domain both amplitude and phase as: 
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                                                                                           (3.8) 
 The reflection mode simplified solution depends on applying more 
boundary conditions along with image concept of the photon source. For the 
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photon source at depth    
 
  
  , there will be a negative image source at     
   , forcing the fluence to zero on the extrapolated boundary at    , as shown in 
Figure 3.2.  
 
Figure 3.2 Reflection mode measurements (a) and position of the real and image source for 
extrapolated boundary conditions (b) 
 
 The extrapolated boundary quantity is represented as:  
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    is the fraction of photon that is internally diffusely reflected at the boundary. 
Then the solution at a point (r, z) due to a source at position (r,   ) in the semi-
infinite medium is given by summing Green’s function for the real and image 
source as:  
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   √(        )                                                                  (3.12) 
The photon current leaving the tissue at     is then considered to simplify the 
frequency domain solution as: 
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3.2.3 FEM Modeling using COMSOL 
 Finite Element (FE) analysis is a numerical method used to analyze 
the partial differential equation solutions in discrete points with appropriate 
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material boundaries. The numerical technique could be used for homogenous 
single layer media or extended to inhomogeneous multi-layer media. The diffusion 
equation is solved as a differential equation by different analytical methods, which 
does not have a closed form solution for multi-layer and numerical methods such 
as MC or FE.  
3.2.3.1 Helmholtz equation   
 Commercial multi-physics based FE software, such as COMSOL, is 
used as a robust numerical tool in this study to numerically predict the photon 
behavior in a highly scattering media and to solve the inverse problem. The 
Helmholtz equation is used for FE numerical analysis [4, 113] in COMSOL as:   
 (    (   ))     (   )   (   )                                               (3.19) 
where  (   ) is the photon flux,  
 
    
  , and in a frequency modulated NIR  
system  (   )    (    
   ) where m is amplitude modulation index at time 
harmonic modulation frequency of    The objective of this work is to validate the 
use of a commercially available tool (COMSOL) to solve the inverse problem and 
to extract the homogenous media optical parameters, such as absorption and 
reduced scattering coefficients for broadband frequency modulated (from 30-1000 
MHz) photons. 
3.2.3.2 Mesh Structure and Boundary Conditions 
 Accuracy of finite element simulation results depend on resolution of FEM 
mesh and associated points in space where DPDW solution is to be computed 
59 
 
using partial difference equation of Helmholtz equation. Higher resolution 
meshing structure is required to accurately simulate the photon dynamics, which 
naturally results in longer computation times or even cause computation systems to 
crash; therefore, a compromise in accuracy and mesh resolution has to be made in 
order to find the optimal simulated environment. Appendix B overcomes different 
scenarios of meshing structure and timing associated with simulation performance. 
It is shown that having high resolution around optical source and receiver would 
predict an accurate result for the specific amplitude and phase change. To meet the 
typical computation time of 45 seconds using an Intel Core i3 processor PC with a 
reasonable error of less than 5%, a mesh element sizes of 80nm and 1000nm are 
considered in regions around optical Tx and Rx and everywhere else respectively. 
These meshing element sizes are also recommended when human tissue is 
resembled [4]. In COMSOL, the boundary condition is set either through Dirichlet 
or Neumann boundary conditions, where they are set to express the fluence 
rate     at desired boundaries.  Dirichlet and Neumann boundary conditions are 
chosen appropriately for air-dielectric (or dielectric-dielectric) and radiation 
condition in region surrounding phantom. The mathematical representation is 
expressed as  
  ((   )  ((   ) )                                                         (3.20) 
                                                                                                   (3.21) 
where             are the boundary coefficients for the phantom modeling. For 
the diffused photon flux, h=1 and r=0.  For the matching boundary of air dielectric 
and dielectric and dielectric interfaces q=0 and g=0. It is important to mention that 
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extrapolated boundary conditions take the phantom-air boundary into account as a 
radiation boundary by setting the fluence rate to zero using Eq. 3.21 without any 
impact on error achieved.  
3.3 Hardware Implementation  
 The frequency domain simplified Diffusion Equation solution predicts two 
important parameters related to the incident modulated signal. Change in 
amplitude and phase of the incident photon wave that is related to absorption and 
scattering of the biological media is presented in the frequency domain as Insertion 
Loss (IL) and Insertion Phase (IP), where Insertion Loss is change in amplitude 
and Insertion phase is change in phase. This measurement of IL and IP requires 
certain hardware and testing equipment that would perform high frequency 
modulation. The overall system would consist of Automatic Network Analyzer 
(Anritsu MS4623B) as an RF source and sensitive RF receiver and optical 
transmitter and optical receiver. The ANA acts as a frequency modulator and 
measurements tools, while the optical transmitter and receiver module acts as 
photons source and receiver. Broadband frequency modulation of the photons is a 
method to modulate the photon waves through bands of frequencies. These bands 
would consist of different penetration depths depending on the photon travel time.  
 
3.3.1 Optical system requirements  
 The principle of transmitting modulated photons and detecting the traveled 
photons requires an optical transmitter and optical receiver that operate in a linear 
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region for the desired modulated broadband frequency. The brain functionality 
monitoring methods is defined by monitoring the oxygenated and de-oxygenated 
hemoglobin and because of the relation between photons at certain wavelength and 
hemoglobin absorption then optical system with desired wavelength is desired. The 
wavelength desired to monitor the de-oxygenated hemoglobin is in the range of 
640nm to 770nm while the oxygenated hemoglobin is in the range of 830-920nm. 
The range of 640nm to 770nm will result in high absorption of photons in the 
deoxygenated hemoglobin, which means a source of photons in that range will be 
required to monitor the deoxygenated hemoglobin while the range of 830nm to 
920nm will result in a high photon absorption in the oxygenated hemoglobin, 
which means a source of photons in that range will be required to monitor the 
oxygenated hemoglobin. The overall measurement system block diagram of the 
optical system would consist of an optical transmitter and an optical receiver that 
have the capability of high frequency modulation and detection of photons in the 
desired wavelength region as shown in Figure 3.3.  Frequency modulation is 
required in order for the photon to penetrate different depth in the media and 
network analyzer is used for that purpose as shown in the block diagram.  
 
Figure 3.3 Overall measurements system of reflection mode 
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3.3.2 Optical transmitter and receiver 
 Optical transmitter would consist of a source of photons that operates at 
certain wavelength to enable monitoring the oxygenated and deoxygenated 
hemoglobin. For this purpose a tri-wavelength of 680nm, 795, and 850nm is used 
in this thesis to monitor the oxygenated and deoxygenated hemoglobin. The tri-
wavelength photon source is operated by an SP3T switch and separate DC biasing 
control for each wavelength.  The customized optical Tx used the RF switch from 
Hittite (HMC245QS16) to drive three high power vertical cavity surface emitting 
lasers (VCSELs) (680 nm, 795 nm, 850 nm). The VCSEL is a high power laser 
that has a threshold current of 8.5mA for the 680nm, 9.5mA for the 795nm, and 
2.8mA for the 850nm. A printed board has been designed and fabricated using a 
commercial substrate (FR4) as shown in Figure3.4a, to accommodate all surface 
mount technology (SMT) components. In absence of commercial high gain optical 
receivers using PIN Photodiode, APD, Figure 3.4b, from Hamamatsu (ADP 
module C5658) have been used along with a built-in Trans-impedance amplifier. 
This module provide high sensitive optical measurements with spectral response 
between 400-1000nm. The built in TIA gives 34dB of gain up to 1GHz.    
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Figure 3.4 Optical modules used in experimental work; a) Tri-wavelength VCSEL based optical 
transmitter (Tx) with RF switch and b) APD with trans-impedance gain as optical receiver (Rx). 
 
3.4 Optical system Set-up  
3.4.1 Two separation method  
 Random errors in experimental measurements are caused by unknown and 
unpredictable changes in the experiment. These changes may occur in the 
measuring instruments or in the environmental conditions such as electronic or 
thermal noise, radiation due to high frequency measurements. Thermal noise is the 
electronic noise generated by the thermal agitation of the charge carriers inside an 
electrical conductor at equilibrium, which happens regardless of any applied 
voltage. There is also the noise due to mismatching of the hybrid modules used in 
this experiment. The high frequency component in the modules such as RF switch 
and bias-tee could be a source of noise and cause random error. Random errors 
often have a Gaussian normal distribution as shown in Figure 3.5. in which 
statistical methods may be used to analyze the data. The mean m of a number of 
measurements of the same quantity is the best estimate of that quantity, and the 
standard deviation s of the measurements shows the accuracy of the estimate.  
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Figure 3.5. Gaussian normal distribution 
 It is important to know that random errors can be eliminated by repetitive 
measurements or differential measurements. In this experimental procedure we are 
using differential measurements to eliminate common sources due to electronic 
components. Uncorrelated noise sources from the optical transmitter and receiver 
are to be combined to quantify free space measurement noise floor level. In 
addition, artifacts associated with frequency response limitation of a broadband 
laser driver and tarnsimpedance amplifier need to be removed for more accurate 
assessment. Two separation measurement methods are proposed here to remove 
the artifacts of interfaces, while performing insertion loss and insertion phase 
measurements. The method principle is based on tissue parameter extraction by 
subtracting common sources of error out of two consecutive measurements at two 
different optical transmitter and receiver separations as shown in Figure 3.6. This 
method addresses the influence of precision in the experimental results.  
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Figure 3.6. Concept of differential (two separation) measurements (a) for reflection mode 
measurements (b) semi-transmission mode and (c) transmission mode 
 
Sources of error can be due to many parameters in the system.  The electronic 
component will determine the optical link performance. Therefore signal to noise 
ration need to be measured in order to determine the noise sources affecting the 
overall link grain. The overall direct modulation link performance is a product of 
optical transmitter and receiver gains and the square of the link current transfer 
function. Two important factors that need to be addressed, one is the optical gain 
loss due to noise related to photons path through diffused medium and the second 
is optical gain related to noise of electronic and optical components.  The optical 
loss in the diffused medium is a result of scattering and absorption while optical 
loss in free space is a result of the hybrid components.   
 Thermal noise is the electronic noise generated by the thermal agitation of 
the charge carriers inside an electrical conductor at equilibrium, which happens 
regardless of any applied voltage. Thermal noise is distinct from shot noise, which 
consists of additional current fluctuations that occurs when a voltage is applied and 
a macroscopic current starts to flow. For the general case, the above definition 
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applies to charge carriers in any type of conducting medium not just resistors. It 
can be modeled by a voltage source representing the noise of the non-ideal resistor 
in series with an ideal noise free resistor. Since optical link has been used as an 
optical source and optical receiver, then RIN noise is introduced. Relative intensity 
noise (RIN), describes the instability in the power level of a laser. The noise term 
is important to describe lasers used in optic communication. Optical transmitter 
would consist of optical source, which is a tri-wavelength VCSEL, RF SP3T 
switch, and bias-Tee. On the other hand, the optical receiver would consist of the 
photodiode and the amplifier to increase the gain and avoid the noise floor. Since 
the switch and the tri-wavelength VCSEL have a separate DC control, there could 
not be any current leakage and therefore error due to two current leakages is 
eliminated. RF cables could result in introducing interfaces and radiation and to 
avoid this shielded cables are used. 
 
3.4.2 Phantoms that resembles brain layers   
 The phantoms were used to resemble both homogenous and 
inhomogeneous media and defined based on the optical parameters at certain 
wavelength. The optical tissue phantoms are used to mimic the optical properties 
of human tissues. The solid phantoms are based on optical quality polymers that 
are the ideal medium for systems calibration and applications development. The 
phantom designs are in a shape of cylindrical and purchased from INO (cf. 
Appendix D). The phantoms were built with VIS-NIR absorbing dyes and TiO2 
scatterers. These phantoms were designed to have the capability of measuring 
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either homogenous or inhomogeneous media. Since this chapter only deals with 
the homogenous media then only phantoms associated with homogeneity is going 
to be discussed. The phantom used in this thesis is cylindrically shaped solid 
phantom that resembles human cortex with a diameter of 5 cm and height of 3.5 
cm as explained in Appendix D.  These phantoms are employed for the different 
experimental mode measurements and blind optical parameter extractions along 
with numerical modeling verification. 
 
Figure 3.7. Three cylindrical phantoms with different optical parameters that resembles human head 
as described in Table3.1 
 
 These phantoms shown in Figure 3.7 are used for different purposes. The 
three-layer phantoms resembles human head are used to perform measurements of 
homogenous and inhomogeneous that will be explained later in Chapter 4.  
Table 3.1. Manufacture provided optical parameters for the phantoms at 680 nm 
    (  
  )   
  (    ) 
Cortex  0.35 15 
Scalp 0.15 13 
Skull 0.12 8 
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3.5 Homogenous photon behavior    
 In this section we will focus on modeling comparison and error in optical 
parameters extraction. Modeling modulated photons have been studied widely 
though analytical solution, which was introduced in section 3.2. along with Finite 
Element modeling. The following sections will deal with two important aspects of 
this thesis; one is the process and result of optical parameter extraction using the 
inverse problem solving of the DE and two FE modeling and comparison to the 
analytical DE.  
3.5.1 Optical parameter extraction  
 Three different modes of photon traveling have been discussed in section 
3.4.1, these three modes of transmission, semi-transmission, and reflection have 
been used separately to extract the optical parameters of the phantoms we are 
using. As explained in Appendix D there are three cylindrical shaped phantoms 
that present three layers of the human head. Phantom layer of scalp and skull have 
been used to perform modulated photon traveling using transmission mode, while 
phantom of cortex is used to perform modulated photon traveling using semi-
transmission and reflection mode. The extraction process is explained in Appendix 
A, Table 3.2, and Table 3.3 shows the extracted procedure and result using narrow 
band and broadband along with single frequency modulation method.  
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Table 3.2 Optical parameters extraction for scalp and skull phantoms using transmission mode. 
Broadband and narrowband extraction with error analysis. 
 
Table 3.3 Optical parameters extraction for cortex phantoms using reflection mode. Broadband and 
narrowband extraction with error analysis 
 
3.5.2 2D FE modeling and comparison.   
 Modeling using Finite Element (FE) numerical modeling is important as 
we have discussed in previous chapters, to minimize the computational time for 
predicting the modulated photon behavior in high scattering media such as human 
tissue, organs, or cells.  This section will focus on building confidence in Finite 
Element modeling (FEM) by comparing the analytical result obtained from the DE 
to the result of FEM at single wavelength of 680nm.  
 
 
 
Scalp Phantom  Skull Phantom   
Extraction using 
DE @680 nm 
Error % 
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µa 
(cm-1)   
µs
’ 
(cm-1) 
0.03-1GHz 0.143 12.64 4.6 2.77 0.114 7.64 5 4.5 
30-300 MHz 0.171 14.51 14 11.6 0.164 9.85 36.6 23 
100-500 MHz 0.382 19.78 >100 52.2 0.282 12.02 >100 50 
500-1000 MHz 0.091 9.75 40 25 0.058 5.54 52 31 
30-500 MHz 0.323 17.26 >100 32.7 0.241 12.54 >100 56 
100-1000 MHz 0.131 11.87 12.6 8.7 0.105 6.81 12.5 14.9 
 
 
 
Cortex Phantom: Semi-Transmission  Cortex Phantom: Reflection 
Extraction using 
DE @680 nm 
Error % 
 
Extraction using 
DE @680 nm 
Error % 
 
           
 
µa 
(cm-1)   
µs
’ 
(cm-1) 
 
µa 
(cm-1)   
µs
’ 
(cm-1) 
µa 
(cm-1)   
µs
’ 
(cm-1) 
 
µa 
(cm-1)   
µs
’ 
(cm-1) 
0.03-1GHz 0.34 14.73 2.8 1.8 0.36 15.76 2.9 5 
30-300 MHz 0.38 18.43 8.6 22.9 0.41 21.23 17 41 
100-500 MHz 0.54 23.03 54.3 53.6 0.64 25.36 83 70 
500-1000 MHz 0.19 10.64 45.7 29 0.21 11.2 40 25 
30-500 MHz 0.51 20.35 45.7 35.7 0.48 23.21 37 55 
100-1000 MHz 0.32 13.86 8.6 7.6 0.33 13.56 5.8 9.6 
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3.5.2.1 Transmission mode  
 Modulated photon behavior in both scalp and skull phantoms have been 
modeled using FE and DE and simulated result along with experimental result 
using optical system have been performed. The broadband measurements of both 
Insertion Loss (IL) and Insertion Phase (IP) is related to the optical parameters of 
the phantoms. Therefore each layer would have a unique behavior based on these 
parameters. The first mode we are going to discuss is the transmission mode, 
where the photons will travel as shown in Figure 3.6c. Two layers of scalp and 
skull phantom is modeled using analytical expression through MATLAB as shown 
in Appendix A, and through FE numerical model using COMSOL as explained in 
Appendix B. Figures 3.8, 3.9, and 3.10 shows the mesh structure along with 
Insertion Loss and Insertion Phase at two frequencies of 100MHz and 1000MHz, 
while overall results of experimental result, analytical, and numerical simulation is 
shown in Figures 3.11 and 3.12. 
 
Figure 3.8. Mesh Structure of the transmission mode modeling 
 
Figure 3.9. Insertion Loss simulation of the transmission mode at 680nm for two frequencies of 
100MHz and 1000MHz. 
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Figure 3.10. Insertion Phase simulation of the transmission mode at 680nm for two frequencies of 
100MHz and 1000MHz. 
 
 
 
Figure 3.11. Insertion Loss in transmission mode for scalp and skull:       Scalp Experimental raw 
data,         Scalp COMSOL FEM numerical simulation,        Scalp DE analytical simulation,  
       Skull Experimental raw data,        Skull COMSOL FEM numerical simulation,       Skull DE 
analytical simulation 
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Figure 3.12. Insertion Phase in transmission mode for scalp and skull:       Scalp Experimental raw 
data,         Scalp COMSOL FEM numerical simulation,        Scalp DE analytical simulation,  
       Skull Experimental raw data,        Skull COMSOL FEM numerical simulation,       Skull DE 
analytical simulation 
 
 
3.5.2.2 Semi-transmission mode  
 The third phantom resembles cortex and two experimental modes of semi-
transmission and reflection have been performed. Shown in Figure 3.13 is the 
mesh structure for the semi-transmission mode and numerical simulation of IL and 
IP at two frequencies of 100MHz and 1000MHz using COMSOL is shown in both 
Figures 3.14 and 3.15.  The broadband frequency modulation response is shown in 
Figures 3.16 and 3.17  
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Figure 3.13. Mesh structure of the semi-transmission mode modeling. 
 
Figure 3.14. Insertion Loss simulation of the semi-transmission mode at 680nm for two frequencies 
of 100MHz and 1000MHz. 
 
 
 
Figure 3.15. Insertion Phase simulation of the semi-transmission mode at 680nm for two 
frequencies of 100MHz and 1000MHz.. 
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Figure 3.16. Insertion Loss in Semi-transmission mode for cortex:       Cortex Experimental raw 
data,         Cortex COMSOL FEM numerical simulation,       Cortex DE analytical simulation. 
 
Figure 3.17. Insertion Phase in Semi-transmission mode for cortex:       Cortex Experimental raw 
data,     Cortex COMSOL FEM numerical simulation,       Cortex DE analytical simulation. 
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3.5.2.3 Reflection mode  
 The last mode of testing is the reflection mode where the photon travels in 
reflection pathway as explained in section 3.2.2 The numerical results at two 
frequencies are shown in Figures 3.19 and 3.20 while the overall broadband 
experimental measurements along with analytical and numerical simulation is 
shown in Figures 3.21 and 3.22 
            
                        Figure 3.18. Mesh structure of the Reflection mode modeling. 
 
 
 
Figure 3.19. Insertion Loss simulation of the reflection mode at 680nm for two frequencies of 
100MHz and 1000MHz. 
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Figure 3.20. Insertion Phase simulation of the reflection mode at 680nm for two frequencies of 
100MHz and 1000MHz. 
 
 
Figure 3.21. Insertion Loss in Reflection mode for cortex:       Cortex Experimental raw data,         
  Cortex COMSOL FEM numerical simulation,       Cortex DE analytical simulation. 
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Figure 3.22. Insertion Phase in Reflection mode for cortex:             Cortex Experimental raw data,         
          Cortex COMSOL FEM numerical simulation,            Cortex DE analytical simulation. 
 
3.6 Model Comparison and Summary 
 The importance of this chapter is to build confidence in our modeling 
procedure along with the ability to extract optical parameters of biological media 
by solving the inverse problem of the Diffusion Equation. Solving the inverse 
problem using broadband frequency modulation of the photons traveling in high 
scattering media predicts an accurate extraction of the optical parameters as shown 
in Table 3.2 and Table 3.3. Time consumption is an important factor when 
modeling photon traveling in complex inhomogeneous biological media therefore 
Finite Element numerical modeling in 2D is introduced and examined in this 
chapter. The confidence in FE modeling depends on the accuracy between the 
analytical DE and the numerical simulated result performed by COMSOL. Table 
3.4. shows the error percentage between analytical DE simulation and numerical 
FE simulation.      
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Table 3.4 Error percentage between FEM using COMSOL and analytical DE using MATLAB 
 
 A high confidence in the 2D FE modeling has been achieved with overall 
less than 4% of an error when compared to analytical DE simulation.  To perform 
accurate modeling of complex biological media then a 3D FE is needed to 
understand the frequency modulated photon behavior in high spatial resolution. 
The next chapter will introduce 3D modeling by first exploring the confidence 
between 2D and 3D FE models and then perform both simulated and experimental 
tasks to explore the multi-layer head phantoms.  
 
  
 
 
 
Scalp 
Transmission 
Skull 
Transmission 
Cortex  
Semi-Trans 
Cortex 
Reflection  
Error % Error % Error % 
 
Error % 
IL IP IL IP IL IP IL IP 
30-1000 MHz 2.32 1.92 2.55 2.12 2.62 2.87 2.8 2.51 
30-300 MHz 2.13 1.86 2.49 2.05 2.57 2.79 2.67 2.38 
100-500 MHz 3.18 2.86 3.22 2.92 3.15 3.54 3.47 3.28 
500-1000 MHz 3.56 3.04 3.16 3.44 3.57 3.68 3.76 3.42 
30-500 MHz 2.83 2.78 2.82 2.65 3.24 3.18 3.28 3.15 
100-1000 MHz 2.94 2.17 2.83 2.42 2.98 3.05 3.11 2.78 
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CHAPTER IV 
 3D NUMERICAL AND EXPERIMENTAL ANALYSIS OF 
INHOMOGENOUS HUMAN HEAD PHANTOMS 
 
4.1 Introduction  
 
 One of the main purposes of this thesis is to accurately model the 
modulated photon behavior when traveling in multi-layer media and 
inhomogeneous complexity. In previous chapters, a confidence in the Finite 
Element modeling of the homogenous media have been established by comparing 
the analytical Diffusion Equation to the 2D FE model simulation along with 
experimental result. More complex biological media such as the human head is 
considered important inhomogeneous multilayers that contain one of the most 
important organs in the human body, the brain. The human brain is considered the 
control element of all physiological activities and it happens to be a very fragile 
and sensitive organ when compared to other organs. Blood flows through the brain 
to rotate oxygen and to maintain normal neuro-activities. This chapter will 
examine the modulated photon traveling in multi layer phantoms that resembles 
the human head. A 3D modeling comes in this chapter as a high spatial resolution 
solution when modeling the modulated photon flight of travel through the human 
head. Therefore, this chapter will begin with establishing confident between 2D 
and 3D FE modeling using one wavelength of 680nm and then will continue on 
exploring the three layers phantom along with modeling the modulating photon 
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travels in these layers at three different wavelengths of 680nm, 795nm, and 
850nm. 
4.2 Human head modeling  
 The human head consists of four layers, and each has different 
responsibility in the human body. The first layer is the scalp, which is an 
anatomical area that covers the skull and acts as a barrier. The second layer is the 
skull, which is a bony structure that supports the face structure and forms the 
cavity of the brain. The third layer is the cerebral fluid (CSF) that acts as a cushion 
or buffer for the cortex, and last is the cortex where all neuronal activity takes 
place and manages to control human organs and cells. Each layer has different 
optical parameters, which quantifies the amount of scattering and absorption. In 
this thesis, the CSF has not been considered an important layer to be modeled 
because of its very low values of optical parameters and that it acts as a 
transparence barrier for the photons. Therefore only three layers of the head are 
been modeled using FE by quantifying each layer with its approximated optical 
parameters reported in Table 3.1.       
 
Figure 4.1 Human head anatomy and its multilayer structures. CSF is optically transparent.  
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4.2.1 Phantoms  
 Accurate modeling requires experimental verification and therefore 
experimental procedure and setup is an important part of this thesis task. In chapter 
3, an optical system has been described along with three layers of phantoms that 
each resembles scalp, skull, and cortex. These layers of phantoms was designed to 
resemble human head and its optical properties when they are stacked on top of 
each other as shown in Figure 4.2 The optical transmitter acts as a photons source 
that is modulated using the network analyzer and the optical receiver detects the 
modulated photons traveling in a reflection mode through the multilayer phantoms. 
 
Figure 4.2 Optical system set-up showing optical transmitter and receiver measuring IL and IP for 
three stacked layers of phantoms.   
 
4.2.2 3D Numerical model of the multilayer 
 The previous described phantoms are modeled using FE software 
COMSOL, the three phantom layers is modeled with each having different optical 
properties and having the mesh structure similar to the one with homogenous 
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media as explained in Appendix B. Each layer is governed by the Helmholtz 
equation that specifies its optical parameters as explained in Eq 4.1, and the 
transition between layers is governed by free transparent boundary conditions that 
allows photons to pass through without obstruction or loss.  
   (    )                                                                                (4.1) 
 
Table 4.1: Helmholtz Sub-domain that governs each layer 
 
 c          a 
Layer 1  
 (       
 )
 
    
Layer 2  
 (       
 )
 
    
Layer 3  
 (       
 )
 
    
 
4.3 Transition to 3D  
 A transition to the 3D is required in order to model the multilayer media 
with high spatial resolution. The method used in this section is based on the 
comparison between results obtained in Chapter 2, with new 3D numerical model 
simulation results. The following sections will focus on 2D to 3D model 
comparison at wavelength of 680nm for broadband frequency modulation of the 
photons traveling in the homogenous media. This will give confidence in the 3D 
FE modeling and will be the base of the next section of 3D frequency modulated 
photon traveling through multilayer inhomogeneous media modeling. 
 
 
83 
 
4.3.1 Transmission mode  
 Transmission mode analysis and model comparison between analytical DE 
and 2D FE have been discussed in section 3.5.2. where a high confidence has been 
achieved when the error difference was less than 4%. This section will use the 
same method to analyze 3D simulation result and compare it to the 2D obtained 
previously.  Figure 4.3 shows the mesh structure of both scalp and skull phantom, 
and Figure 4.4 and 4.5 shows the 3D numerical simulation using COMSOL for 
these two layers at two frequencies for both Insertion Loss and Insertion Phase. 
Both broadband frequency experimental measurements and analytical and 
numerical analysis of Insertion Loss and Insertion Phase shown in Figure 4.6 and 
Figure 4.7 and a predicted performance of square root of frequency is observed.  
 
Figure 4.3 Mesh Structure of the transmission mode modeling 
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Figure 4.4 Insertion Loss simulation of the transmission mode at 680nm for two frequencies of 
100MHz and 1000MHz. 
 
 
Figure 4.5 Insertion Phase simulation of the transmission mode at 680nm for two frequencies of 
100MHz and 1000MHz. 
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Figure 4.6 Insertion Loss in transmission mode for scalp and skull:       Scalp Experimental raw 
data,        Scalp 2D COMSOL FEM numerical simulation,       Scalp DE analytical simulation,      
Scalp 3D COMSOL FEM numerical simulation,        Skull Experimental raw data,        Skull 2D 
COMSOL FEM numerical simulation,       Skull DE analytical simulation, and        Skull 3D 
COMSOL FEM numerical simulation. 
 
Figure 4.7 Insertion Phase in transmission mode for scalp and skull:       Scalp Experimental raw 
data,        Scalp 2D COMSOL FEM numerical simulation,       Scalp DE analytical simulation,      
Scalp 3D COMSOL FEM numerical simulation,        Skull Experimental raw data,        Skull 2D 
COMSOL FEM numerical simulation,       Skull DE analytical simulation, and        Skull 3D 
COMSOL FEM numerical simulation. 
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4.3.2 Semi-transmission mode  
 The semi-transmission mode has been discussed previously along with 
analytical and 2D numerical model of the broadband frequency modulation 
simulation. The model error comparison between analytical and 2D shows high 
confidence because of the low error percentage at narrow and broadband 
frequencies and to continue our analysis of 3D model confidence the cortex 
phantom is modeled using previously described analytical model, 2D numerical 
model, and 3D numerical model. Figure 4.8 shows the 3D mesh structure of the 
cortex while Figure 4.9 and Figure 4.10 shows the numerical 3D COMSOL 
simulation and finally Figure 4.11 and Figure 4.12 shows the broadband frequency 
measurements of Insertion Loss and Insertion Phase.  
 
Figure 4.8 Mesh structure of the semi-transmission mode modeling. 
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Figure 4.9 Insertion Loss simulation of the semi-transmission mode at 680nm for two frequencies 
of 100MHz and 1000MHz. 
 
 
Figure 4.10 Insertion Phase simulation of the semi-transmission mode at 680nm for two frequencies 
of 100MHz and 1000MHz. 
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Figure 4.11 Insertion Loss in Semi-transmission mode for cortex:       Cortex Experimental raw 
data,       Cortex 2D COMSOL FEM numerical simulation,       Cortex DE analytical simulation, 
and        Cortex 3D COMSOL FEM numerical simulation. 
 
 
Figure 4.12 Insertion Phase in Semi-transmission mode for cortex:       Cortex Experimental raw 
data,       Cortex 2D COMSOL FEM numerical simulation,       Cortex DE analytical simulation, 
and        Cortex 3D COMSOL FEM numerical simulation. 
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4.3.3 Reflection mode 
 The last section that deals with 3D model transition is the reflection mode 
analysis of the cortex. Because the phantom has a bigger size than both skull and 
scalp then both semi-transmission mode and reflection mode can be performed. 
Therefore in previous sections a semi-transmission mode of the modulated photon 
travel has been modeled and in this section a reflection mode of the modulated 
photon traveling in the cortex phantom is modeled. The mesh analysis and 
structure is shown in Figure 4.13 while the 3D numerical simulation of both 
Insertion Loss and Insertion phase at two frequencies is shown in Figure 4.14 and 
Figure 4.15. The overall broadband measurements comparison of the three models 
of analytical, 2D numerical and 3D numerical is shown in Figure 4.16 and Figure 
4.17.    
 
                        Figure 4.13 Mesh structure of the Reflection mode modeling. 
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Figure 4.14 Insertion Loss simulation of the reflection mode at 680nm for two frequencies of 
100MHz and 1000MHz. 
 
 
Figure 4.15 Insertion Phase simulation of the reflection mode at 680nm for two frequencies of 
100MHz and 1000MHz. 
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Figure 4.16 Insertion Loss in Reflection mode for cortex:        Cortex Experimental raw data,                  
       Cortex 2D COMSOL FEM numerical simulation,         Cortex DE analytical simulation, and                 
        Cortex 3D COMSOL FEM numerical simulation. 
 
 
 
Figure 4.17 Insertion Phase  in Reflection mode for cortex:        Cortex Experimental raw data,                  
       Cortex 2D COMSOL FEM numerical simulation,         Cortex DE analytical simulation, and                 
        Cortex 3D COMSOL FEM numerical simulation. 
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4.3.4 Model Comparison and 3D transition  
 Frequency modulated photon traveling in homogenous media have been 
modeled using 2D FEM and 3D FEM. A comparison between these models have 
also been discussed and performed as shown in previous section. The error 
difference between 2D FEM and 3D FEM is computed in Table 4.2 where the 
highest error is less than 2%. This gives a high confident in the 3D model and 
would be a good avenue to start the transition of 3D modeling and exploring the 
multilayer phantoms as one inhomogeneous phantom that resembles the brain.  
Table 4.2  Error percentage between 2D FEM and 3D FEM using COMSOL  
 
      
4.4 3D FEM of Frequency modulated photon behavior in Inhomogeneous 
media 
 After building the confidence in 3D numerical modeling of the photon 
traveling in homogenous media, then the rest of this chapter will focus on 
modeling the modulated photon traveling in multilayer media such as the human 
head. The following section will first deal with two layers of scalp/cortex and 
 
 
 
Scalp 
Transmission 
Skull 
Transmission 
Cortex  
Semi-Trans 
Cortex 
Reflection  
Error % Error % Error % 
 
Error % 
IL IP IL IP IL IP IL IP 
30-1000 MHz 1.32 1.12 1.55 1.18 1.76 1.21 1.62 1.19 
30-300 MHz 1.58 1.24 1.63 1.31 1.85 1.44 1.75 1.35 
100-500 MHz 1.65 1.37 1.61 1.41 1.84 1.35 1.81 1.34 
500-1000 MHz 1.77 1.42 1.72 1.48 1.95 1.52 1.86 1.38 
30-500 MHz 1.64 1.32 1.75 1.35 1.87 1.42 1.76 1.34 
100-1000 MHz 1.51 1.24 1.56 1.23 1.81 1.3 1.71 1.22 
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skull/cortex modeling and then explore the three layer of scalp/skull/cortex 
modeling. All of the analysis is based on three wavelength of 680nm, 795nm, and 
850nm and experimental measurements is also following the same fashion as 
numerical 3D modeling.  
4.4.1 Two layers media modeling  
 Two layers of scalp or skull on top of cortex phantom is modeled in this 
section. The transition for a full three layers and later on for three layers with 
embedded occlusion requires high prediction in modulated photon behavior in both 
homogenous and inhomogeneous media. Similar to what was explained in the 
previous section, the method of experimental testing along with numerical model 
simulation is performed. Numerical results of Insertion Loss and Insertion Phase at 
two frequencies for two layers of scull/cortex is shown in Figures 4.19 while for 
two layers of skull/cortex is shown in Figure 4.20.   
 
Figure 4.18 Frequency modulation photon travel in two layer (scalp or skull)/cortex phantom: 
concept and mesh structure.  
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Figure 4.19 Frequency modulation photon travel in two layer scull/cortex phantom: Insertion Loss. 
 
 
Figure 4.20 Frequency modulation photon travel in two layer scull/cortex phantom: Insertion Phase. 
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Figure 4.21 Frequency modulation photon travel in two layer skull/cortex phantom: Insertion Loss. 
 
Figure 4.22 Frequency modulation photon travel in two layer skull/cortex phantom: Insertion 
Phase. 
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4.4.2 Three layers resembling human head  
 Three layer phantoms are the most accurate resembles of the human head, 
and this section covers the numerical simulation result at two frequencies for three 
layer phantoms. After resembling the layers with unique optical parameters for 
each layer as shown in Figure 4.23 and identifying the photonic source, the 
simulation for Insertion Loss and Insertion Phase is performed at two frequencies 
of 100MHz and 1000MHz as shown in Figure 4.24 and Figure 4.25.  
 
Figure 4.23 Frequency modulation photon travel in three layer scalp/skull/cortex phantom: concept 
and mesh structure.  
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Figure 4.24 Frequency modulation photon travel in three layer scalp/skull/cortex phantom: 
Insertion Loss.  
 
Figure 4.25 Frequency modulation photon travel in three layer scalp/skull/cortex phantom: 
Insertion Phase.  
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4.4.3 Two and Three layers comparison using 3D FEM of Frequency 
modulated photon  
 Numerical simulations of the two and three layers have been done in 
previous sections at two frequencies showing both Insertion Loss and Insertion 
Phase. This section will compare the broadband frequency experimental 
measurements and numerical simulation for two and three layers at three 
wavelengths of 680nm, 795nm, and 850nm. The numerical simulation was based 
on assigning the physics of photon transport through optical identified layers as 
explained in Appendix B. The experimental procedure is done by stacking two or 
three layers as shown in Figure 4.2 and use the network analyzer to perform 
photon modulation through the optical system developed in Appendix C. The 
result of broadband analysis of both experimental and 3D numerical simulation for 
the 680nm is shown in Figure 4.26 for Insertion Loss and Figure 4.27 for Insertion 
Phase, while for 795nm is shown in Figure 4.28 for Insertion Loss and Figure 4.29 
for Insertion Phase, and finally for 850nm is shown in Figure 4.30 for Insertion 
Loss and Figure 4.31 for Insertion Phase. All of the results in this section are based 
on 2cm separation of the optical transmitter and receiver, while 1cm separation is 
shown in Appendix E.    
 
99 
 
 
Figure 4.26 Insertion Loss in reflection mode of 680nm for two and three layers:                
Scalp/Cortex Experimental raw data,              Skull/cortex Experimental raw data,                 
Scalp/Skull/cortex Experimental raw data,                 Cortex experimental raw data,                 
Scalp/Cortex 3D COMSOL FEM numerical simulation,              Skull/Cortex 3D COMSOL FEM 
numerical simulation,                Scalp/Skull/Cortex 3D COMSOL FEM numerical simulation,                      
                 Cortex  3D COMSOL FEM numerical simulation               
 
 
Figure 4.27 Insertion Phase  in reflection mode of 680nm for two and three layers:                
Scalp/Cortex Experimental raw data,              Skull/cortex Experimental raw data,                 
Scalp/Skull/cortex Experimental raw data,                 Cortex experimental raw data,                 
Scalp/Cortex 3D COMSOL FEM numerical simulation,              Skull/Cortex 3D COMSOL FEM 
numerical simulation,                Scalp/Skull/Cortex 3D COMSOL FEM numerical simulation,                      
                 Cortex  3D COMSOL FEM numerical simulation               
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Figure 4.28 Insertion Loss  in reflection mode of 795nm for two and three layers:                
Scalp/Cortex Experimental raw data,              Skull/cortex Experimental raw data,                 
Scalp/Skull/cortex Experimental raw data,                 Cortex experimental raw data,                 
Scalp/Cortex 3D COMSOL FEM numerical simulation,              Skull/Cortex 3D COMSOL FEM 
numerical simulation,                Scalp/Skull/Cortex 3D COMSOL FEM numerical simulation,                      
                 Cortex  3D COMSOL FEM numerical simulation            
    
 
Figure 4.29 Insertion Phase  in reflection mode of 795nm for two and three layers:                
Scalp/Cortex Experimental raw data,              Skull/cortex Experimental raw data,                 
Scalp/Skull/cortex Experimental raw data,                 Cortex experimental raw data,                 
Scalp/Cortex 3D COMSOL FEM numerical simulation,              Skull/Cortex 3D COMSOL FEM 
numerical simulation,                Scalp/Skull/Cortex 3D COMSOL FEM numerical simulation,                      
                 Cortex  3D COMSOL FEM numerical simulation            
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Figure 4.30 Insertion Loss  in reflection mode of 850nm for two and three layers:                
Scalp/Cortex Experimental raw data,              Skull/cortex Experimental raw data,                 
Scalp/Skull/cortex Experimental raw data,                 Cortex experimental raw data,                 
Scalp/Cortex 3D COMSOL FEM numerical simulation,              Skull/Cortex 3D COMSOL FEM 
numerical simulation,                Scalp/Skull/Cortex 3D COMSOL FEM numerical simulation,                      
                 Cortex  3D COMSOL FEM numerical simulation            
    
 
Figure 4.31 Insertion Phase  in reflection mode of 850nm for two and three layers:                
Scalp/Cortex Experimental raw data,              Skull/cortex Experimental raw data,                 
Scalp/Skull/cortex Experimental raw data,                 Cortex experimental raw data,                 
Scalp/Cortex 3D COMSOL FEM numerical simulation,              Skull/Cortex 3D COMSOL FEM 
numerical simulation,                Scalp/Skull/Cortex 3D COMSOL FEM numerical simulation,                      
                 Cortex  3D COMSOL FEM numerical simulation            
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The last analysis is done to compute the error between the experimental raw data 
and 3D COMSOL FEM simulation at different band of frequencies. This is done 
by curve fitting the experimental data to  √            and then computing 
the standard error between curve fitted and 3D COMSOL simulation result as 
shown in Table 4.3 which shows that error computed between experimental curve 
fitted data of two and three multi-layers and 3D FEM shows to be less than 5%.   
Table 4.3 Error percentage between 3D FEM and curve fitted experimental data. 
 
4.5 Summary  
 The transition between 2D and 3D layers is performed by identifying the 
error between these dimensions. The error between 2D and 3D analysis was based 
on calculating the standard error between the two broadband plots of Insertion 
Loss and Insertion Phase using narrowband and broadband frequencies as shown 
in Table 4.2. The error between the 2D and 3D FE numerical analysis is no more 
than 2%, which means the difference between the two dimensional models is 
  
 
 
Cortex 
phantom 
Two layer 
scalp/cortex  
Two layer 
skull/cortex 
Three layer 
Scalp/skull/cort
ex  
Wavelength Error % Error % Error % 
 
Error % 
 IL IP IL IP IL IP IL IP 
680nm 30-1000 MHz 2.42 2.25 2.52 2.22 2.31 2.19 2.39 2.2 
30-300 MHz 3.89 2.87 4.21 2.75 3.75 2.81 4.0 2.79 
300-500 MHz 4.51 3.15 4.75 3.13 4.43 3.12 4.53 3.17 
500-1000 MHz 4.32 3.08 4.52 3.04 4.26 3.05 4.41 3.12 
795nm 30-1000 MHz 2.39 2.18 2.43 2.25 2.26 2.16 2.32 2.18 
30-300 MHz 3.72 2.78 4.18 2.68 3.64 2.72 3.94 2.68 
300-500 MHz 4.48 3.12 4.59 3.17 4.31 3.08 4.26 3.15 
500-1000 MHz 4.27 3.10 4.44 3.13 4.15 3.04 4.32 3.07 
850nm 30-1000 MHz 2.5 2.15 2.52 2.31 2.3 2.19 2.28 2.25 
30-300 MHz 3.83 2.75 4.27 2.74 3.68 2.75 3.9 2.75 
300-500 MHz 4.63 3.1 4.67 3.22 4.34 3.13 4.23 3.2 
500-1000 MHz 4.38 3.07 4.53 3.19 4.19 3.07 4.28 3.14 
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insignificant. The next analysis of the chapter deals with the two and three layers 
modeling and experimental results. Measurements of broadband frequency 
modulation along with the numerical simulation are consistent by showing two 
layers of scalp/cortex and skull/cortex has close values of Insertion Loss and 
Insertion Phase at low frequencies, but at high frequencies it shows gradual 
difference, which is expected because the shallow layers has different optical 
properties. The higher the optical properties of the top layer phantom, the higher 
Insertion Loss and Insertion Phase is expected at higher frequencies. This is shown 
in previous sections when at three wavelengths the Insertion Loss and Insertion 
Phase is higher at the scalp/cortex than the skull/cortex. The three layers on the 
other hand has a gradual increase in both Insertion Loss and Insertion Phase and it 
has 5-7dB Insertion Loss increase and 3-5 degree Insertion Phase increase between 
two and three layers.  
 This chapter addressed two important aspects of this thesis. One is the 
transition between 2D and 3D FEM for frequency modulation photon traveling in 
homogenous media and two modeling the modulated photon behavior in 
inhomogeneous media using 3D FE numerical method. These two important 
analyses is used to build up confidence in 3D numerical modeling and set the final 
stage for modeling the modulated photon behavior in inhomogeneous layers that 
contains different sizes of occlusion that resembles early hematoma.   
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CHAPTER V 
 3D NUMERICAL AND EXPERIMENTAL ANALYSIS OF 
INHOMOGENOUS HUMAN HEAD PHANTOMS WITH EARLY 
DETECTION OF TBI 
5.1 Introduction   
 Having established confidence in the FE 3D modeling of the modulated 
photon traveling in both homogenous and inhomogeneous media using 
experimental measurements and computing the standard error, the early detection 
of Traumatic Brain Injury is pursued. The previous chapters provided analytical 
and numerical explanations of the photon behaviors in both homogenous and 
inhomogeneous media. Chapter 3 dealt with homogenous media for both analytical 
and 2D numerical modeling while chapter 4 dealt with inhomogeneous media and 
numerical modeling for both 2D and 3D.  It is essential to model and predict early 
signs of medical conditions and since this thesis addresses accurate medical 
imaging diagnosis using modulated optical system fNIR, then it's possible to apply 
the system developed to predict early signs of high optical activities as a novel 
method for early TBI detection.    
 This chapter introduces the concept of a medical condition called 
Traumatic Brain Injury (TBI) and relates the method described in previous 
chapters to predict the detection of its symptoms. Hematoma is one of the early 
signs/symptoms of TBI and it can be modeled as a small occlusion that is located 
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on top of the cortex. The hematoma has high optical properties in both regards of 
absorption and scattering when compared to normal optical brain activities. This 
chapter will address different sizes of hematomas and modeling them using 
phantoms to perform experimental measurements along with modeling them using 
the FE 3D method. All the measurements and numerical modeling is done using 
three wavelengths of 680nm, 795nm, and 850nm. The impact of different sizes of 
occlusions is evaluated using Insertion Loss that is related to absorption and 
scattering properties of the inhomogeneous media.    
 
5.1.1 Traumatic brain injury (TBI) 
 The advanced imaging techniques have shown great potential to improve 
clinical care for the estimated 1.7 million civilians and hundreds of thousands of 
military personal who experience a Traumatic brain injury (TBI). Traumatic brain 
injury (TBI) is a medical condition that occurs when the brain tissue is impacted 
by physical injury that leads to temporarily or permanently impaired brain 
functionality. The usual diagnosis is loss of consciousness that might lead to mild 
or severe brain injury and is medically confirmed by imaging technique using a CT 
scan or MRI. The injuries are commonly categorized as either an open or closed 
injury. Open injuries involves scalp and skull penetration, which is done using 
sharp objects, bullets, or is a skull fracture. Closed injuries occur when the head is 
strikes an object, is struck, or shaken violently. Both types of injuries can develop 
severe TBI that leads to sheared or torn of axons, blood vessels, or both. Another 
important symptom is the disrupted blood vessels, which leak, causing contusions, 
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intracerebral or subarachnoid hemorrhages, and epidural or subdural hematomas as 
shown in Figure 5.1.    
   
 
Figure 5.1 Brain hematoma showing subdural, epidural, and intracerebral hematoma [100].  
 
 Medical imaging systems involving CT and MRI have been widely used to 
diagnose TBI in either mild or severe cases. The importance of these medical 
imaging systems lies in the compatibility and accurately for field deployment. It is 
not possible to perform medical imaging using CT scan or MRI after blasts in a 
war field because of the size of the medical equipment needed to perform these 
brain images. As explained in previous chapters, the optical imaging system can be 
developed with simple optical components and can be used to monitor brain 
activities by monitoring oxygenated and de-oxygenated hemoglobin, and therefore 
the system can be deployed for the field of interest and can produce a high 
efficiency diagnosis. The optical system using broadband measurements described 
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in previous chapters show a high confidence in detecting high optical activity in 
both homogenous or inhomogeneous biological media.               
5.2 Human head modeling with hematoma 
 Broadband frequency modulation method has proven high efficiency when 
applied to functional optical imaging systems when homogenous and 
inhomogeneous biological media is analyzed as shown in previous chapters. The 
method is to be extended in this chapter to monitor the early formalization of 
hematoma as a sign of TBI.  Optical system explained in chapter 3, is used along 
with three layers of phantom that has an embedded different sizes of occlusion. 
These occlusions have optical properties similar to the one formed after a blast or 
concussion. The optical properties of the occlusion are shown in Table 5.1 and the 
phantoms with occlusion are shown in Figure 5.2. Different sizes of occlusion is 
designed and embedded in the center of the cortex layer.  
Table 5.1 Optical properties of the phantoms that resemble the human head at 680nm. 
 Diameter Thickness    (    )     (    ) 
Cortex  5cm 3.5cm 0.35 15 
Scalp 5cm 0.3cm 0.15 13 
Skull 5cm 0.4cm 0.12 8 
Occlusion 1 0.5cm 0.2cm 0.6 18 
Occlusion 2 1cm 0.2cm 0.6 18 
Occlusion 3 1.5cm 0.2cm 0.6 18 
Occlusion 4 2cm 0.2cm 0.6 18 
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Figure 5.2 Four layers of head phantom a) without occlusion, b) with occlusion  
 Occlusions designed to start with a diameter of 0.5cm and end up with 2cm 
with an increment of 0.5cm and all of them have a height of 0.2cm as shown in 
Figure 5.3. The three layers with embedded occlusion is then stacked on top of 
each other and the functional NIR imaging based on broadband frequency 
modulation is then performed at three different wavelengths for two separation of 
1cm and 2cm.  
a) b) 
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Figure 5.3 Four phantom layers of Cortex with different sizes of occlusion   
5.2.1 3D Numerical model of the multilayer phantoms with hematoma   
 Each layer is governed by the Helmholtz equation that specifies each 
layer’s optical parameters as explained in Eq 4.1 and Table 5.2, and the transition 
between layers is governed by free transparent boundary conditions that allow 
photons to pass through without obstruction or loss as shown in Appendix B.  
Table 5.2 Helmholtz Sub-domain that governs each layer in 3D human head with 
Hematoma 
 c          a 
Layer 1  
 (       
 )
 
    
Layer 2  
 (       
 )
 
    
Layer 3  
 (       
 )
 
    
Occlusion  
 (       
 )
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 The concept of the three layers and different occlusion size is based 
on the early development of hematoma after a blast or incident that results 
in brain injuries. These occlusions represent a high absorber material as 
shown in Table 5.1 and modeled using the sub-domain physics of 
Helmholtz equation and global expression developed in Appendix B. The 
first top two layers is the scalp and skull while the third layers is a layer of 
cortex with capability of adding different sizes of occlusions, and the last 
layer is pure cortex layer. Analyzing the occlusion effect require a null or a 
control threshold where no occlusion is present and that can be done 
experimentally by moving both Tx and Rx away from the occlusion, while 
numerically a 3D set of simulation for no occlusion as shown in both 
Figure 5.4, Figure 5.5, and Figure 5.6 is performed at two frequencies of 
100MHz and 1000MHz. Broadband simulated result of control collusion is 
then used to identification high optical activities such as occlusion with 
high absorber. The conceptual meshed structure of three layers and 0.5 cm 
of occlusion is shown in Figure 5.7 while the numerical simulation is 
shown in Figure 5.8 for IL and Figure 5.9 for IP.   
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Figure 5.4 Conceptual three layers head phantom and its mesh structure 
 
Figure 5.5 Frequency modulation photon travel in three layer scalp/skull/cortex phantom: 
Insertion Loss. 
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Figure 5.6 Frequency modulation photon travel in three layer scalp/skull/cortex phantom: 
Insertion Phase 
 
Figure 5.7 Conceptual three layers with 0.5cm diameter of an occlusion and its mesh structure  
113 
 
 
Figure 5.8 Frequency modulation photon travel in three layer scalp/skull/cortex with embedded 
0.5cm diameter occlusion phantom: Insertion Loss.  
 
Figure 5.9 Frequency modulation photon travel in three layer scalp/skull/cortex with embedded 
0.5cm diameter occlusion phantom: Insertion Phase.  
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 The hematoma is slowly developing with time after the injury and 
therefore an occlusion of 1cm in diameter is modeled. The conceptual 
meshed structure of three layers and 1 cm of occlusion is shown in Figure 
5.10 while the numerical simulation is shown in Figure 5.11 for IL and 
Figure 5.12 for IP.   
 
 
Figure 5.10 Conceptual three layers with 1cm diameter of an occlusion and its mesh structure 
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Figure 5.11 Frequency modulation photon travel in three layer scalp/skull/cortex with embedded 
1cm diameter occlusion phantom: Insertion Loss. 
 
Figure 5.12 Frequency modulation photon travel in three layer scalp/skull/cortex with embedded 
1cm diameter occlusion phantom: Insertion Phase. 
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 In cases of advanced brain injuries, a hematoma is largely presented 
on the top layers of the cortex and occlusion of 1.5cm and 2cm in diameter 
is developed. The conceptual meshed structure of three layers and 1.5 cm 
of occlusion is shown in Figure 5.13 and 2cm in Figure 5.16 while the 
numerical simulation is shown in Figure 5.14 and Figure 5.17 for IL of 
1.5cm occlusion, 2cm occlusion respectively and Figure 5.15 and Figure 
5.18 for IP of 1.5 cm occlusion, 2cm occlusion respectively.   
    
 
Figure 5.13 Conceptual three layers with 1.5cm diameter of an occlusion and its mesh structure 
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Figure 5.14 Frequency modulation photon travel in three layer scalp/skull/cortex with embedded 
1.5cm diameter occlusion phantom: Insertion Loss. 
 
Figure 5.15 Frequency modulation photon travel in three layer scalp/skull/cortex with embedded 
1.5cm diameter occlusion phantom: Insertion Phase. 
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Figure 5.16 Conceptual three layers with 2cm diameter of an occlusion and its mesh structure 
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Figure 5.17 Frequency modulation photon travel in three layer scalp/skull/cortex with embedded 
2cm diameter occlusion phantom: Insertion Loss. 
Figure 5.18 Frequency modulation photon travel in three layer scalp/skull/cortex with embedded 
2cm diameter occlusion phantom: Insertion Phase. 
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5.2.2 Occlusion size sensitivity 
The simulation result for three wavelength and different occlusion size in the 
phantom can be used to identify the sensitivity of broadband measurements to 
different occlusion sizes. This section gives detailed information about broadband 
frequency modulation simulated result using COMSOL to identify the sensitivity 
of each occlusion and the standard deviation between them.  The concept is done 
by first simulating for a location where no occlusion in the cortex is and get IL and 
IP, then simulate for a location centered and around the occlusion. The location 
where there is no occlusion is considered a control and is used as threshold for 
detecting an occlusion. The sensitivity is computed by subtracting each simulated 
result for occlusion by the control and then calculating the standard deviation for 
each occlusion results. These results is expressed in details in Appendix F, while 
selected frequencies is shown in Table 5.3. These standard deviation is used as an 
error bar through the experimental data shown in next chapter and used later in the 
chapter to understand the limitation due to hardware uncertainties and 
misalignment.   
Table 5.3 Standard deviation at selected frequencies of multi wavelength.   
 
 
 
 
 
  
 
Frequency  
Standard 
deviation 
Wavelength  
 IL IP 
680nm 100 MHz 0.339 0.154 
500 MHz 0.673 0.319 
1000 MHz 0.849 0.441 
795nm 100 MHz 0.321 0.082 
500 MHz 0.648 0.225 
1000 MHz 0.817 0.355 
850nm 100 MHz 0.327 0.058 
500 MHz 0.648 0.141 
1000 MHz 0.819 0.206 
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5.3 Experimental modeling and result analysis  
 This section describes the experimental method and present the results of 
the measurements carried out to verify the finding of the 3D numerical modeling 
reported in previous section. Optical source that has a Tri-wavelength of 680nm, 
795nm, and 850nm are used as explained in previous chapters along with an 
optical receiver APD as shown in Figure 5.19. These wavelengths of interest 
would act as a source of photons that is modulated at different frequencies. The 
fundamental understanding of the photon behavior is that low frequencies 
penetrate deeper through the media while the higher frequencies penetrate 
shallower regions of the media. The photon movement is additive and loss of 
energy is shown when photon travels longer distances. There are two important 
factors that need to be explained before addressing the experimental results; one is 
the loss due to low or high traveling amount of photons due to modulation and two 
the loss due to travel length.  The loss due to the amount of photon traveling is 
based on the photon flux at different modulation meaning that at low frequencies 
there is more photon flux traveling while there is much less photon flux at higher 
frequencies. This result in high Insertion Loss and Insertion Phase at higher 
frequencies and both takes IL and IP takes a shape of √         . This means 
that broadband frequency modulation fNIR system will result in a unique IL and IP 
for different biological media in a form of  √           . This is shown in 
Chapter 4, where different combinations of optical phantom layers gave both 
numerical and experimental results, which are different than another. It could be 
that at some cases the unique scenario does not exist due to a similarity of optical 
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properties of the biological media, but different biological tasks associated with 
oxygenated and de-oxygenated hemoglobin would result in unique optical media 
that would result in a unique IL and IP behavior.  Therefore occlusion with high 
optical properties would be an excellent method to show the unique behavior of 
photons over broadband frequency measurements.  It is important to understand 
that all experimental methods based on broadband frequency modulation and 
associated with reflection mode testing will result in IL and IP to be in a form of   
 √           .  The result is provided in term of experimental and numerical 
simulation in term of IL for wavelengths of 680nm as shown in Figure 5.20, 
795nm as shown in Figure 5.22, and 850nm as shown in Figure 5.24, while in 
terms of IP for wavelengths of 680nm as shown in Figure 5.21, 795nm as shown in 
Figure 5.23, and 850nm as shown in Figure 5.25. 
 
Figure 5.19 Conceptual system set-up: Four layers of phantoms with embedded occlusion, and 
optical system that consist of transmitter/receiver and network analyzer  
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Figure 5.20 Insertion Loss in reflection mode of 680nm for three layers with different sizes of 
occlusions:                 Control raw data,               Control 3D COMSOL,               0.5cm occlusion 
raw data,                  0.5cm occlusion 3D COMSOL,               1cm occlusion raw data,                
1m occlusion 3D COMSOL,                 1.5cm occlusion raw data,                 1.5cm occlusion 3D 
COMSOL,                2cm occlusion raw data,                 2cm occlusion 3D COMSOL.    
 
 
 
 
Figure 5.21 Insertion Phase in reflection mode of 680nm for three layers with different sizes of 
occlusions:                 Control raw data,               Control 3D COMSOL,               0.5cm occlusion 
raw data,                  0.5cm occlusion 3D COMSOL,               1cm occlusion raw data,                
1m occlusion 3D COMSOL,                 1.5cm occlusion raw data,                 1.5cm occlusion 3D 
COMSOL,                2cm occlusion raw data,                 2cm occlusion 3D COMSOL.    
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Figure 5.22 Insertion Loss in reflection mode of 795nm for three layers with different sizes of 
occlusions:                 Control raw data,               Control 3D COMSOL,               0.5cm occlusion 
raw data,                  0.5cm occlusion 3D COMSOL,               1cm occlusion raw data,                
1m occlusion 3D COMSOL,                 1.5cm occlusion raw data,                 1.5cm occlusion 3D 
COMSOL,                2cm occlusion raw data,                 2cm occlusion 3D COMSOL.    
 
 
Figure 5.23 Insertion Phase in reflection mode of 795nm for three layers with different sizes of 
occlusions:                 Control raw data,               Control 3D COMSOL,               0.5cm occlusion 
raw data,                  0.5cm occlusion 3D COMSOL,               1cm occlusion raw data,                
1m occlusion 3D COMSOL,                 1.5cm occlusion raw data,                 1.5cm occlusion 3D 
COMSOL,                2cm occlusion raw data,                 2cm occlusion 3D COMSOL.    
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Figure 5.24 Insertion Loss in reflection mode of 850nm for three layers with different sizes of 
occlusions:                 Control raw data,               Control 3D COMSOL,               0.5cm occlusion 
raw data,                  0.5cm occlusion 3D COMSOL,               1cm occlusion raw data,                
1m occlusion 3D COMSOL,                 1.5cm occlusion raw data,                 1.5cm occlusion 3D 
COMSOL,                2cm occlusion raw data,                 2cm occlusion 3D COMSOL.    
 
 
 
Figure 5.25 Insertion Phase in reflection mode of 850nm for three layers with different sizes of 
occlusions:                 Control raw data,               Control 3D COMSOL,               0.5cm occlusion 
raw data,                  0.5cm occlusion 3D COMSOL,               1cm occlusion raw data,                
1m occlusion 3D COMSOL,                 1.5cm occlusion raw data,                 1.5cm occlusion 3D 
COMSOL,                2cm occlusion raw data,                 2cm occlusion 3D COMSOL.    
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5.4 TBI Detection and error analysis 
 The initial measurements are done at an optical transmitter/receiver 
separation of 1cm and 2cm around the center of the phantom. Reported in 
this chapter is only the 2cm separation while the 1cm separation is reported 
in Appendix E. The control or null location is based on a position that does 
not have an occlusion in the modulated photon path and considered as a 
threshold used to monitor high absorption activities for the human head’s 
three layers of phantoms. For all three wavelengths, it is observed that the 
behavior of  √            is dominating both IL and IP as expected. 
From previous section it is clear that occlusion effect is dominating at 
frequencies greater than 300MHz while it is not clear at lower frequencies. 
This is expected due to the location of the occlusion at shallow layers, 
because of the photon path at high modulation. The important observation 
is the Insertion Loss and Insertion Phase for the smallest occlusion, and that 
is shown when at 1000MHz of frequency modulation the difference 
between control/threshold and the smallest occlusion is 6-7dB of IL and 4-
5Degree of IP for all three wavelengths. This shows that for a small 
occlusion, the broadband frequency modulation system has an advantage of 
high sensitivity for detecting high oxygenated and de-oxygenated activities. 
In order to compare the experimental result to the numerical result there are 
two methods of standard error calculation that is used, using curve fitting of 
the experimental data. One method is to curve fit the experimental data to 
the   √             and based on the curve fitting the standard error is 
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computed and another is curve fitting the experimental data using robust 
local regression of weighted linear least squares and a 1st degree 
polynomial model. Robust local regression assigns lower weight to outliers 
in the regression assigning zero weight to data outside six mean absolute 
deviations. As an example for these two methods Figure5.26 shows the two 
curve fitted lines and the raw experimental data for the 680nm Insertion 
Loss. Curve fitting the raw experimental data is done using the curve fitting 
tool box in MATLAB while the robust regression curve fitting is done 
using the command rwloess in MATLAB.  
 
Figure 5.26 Conceptual method of curve fitting the experimental data using two methods:                     
           robust regression method,            3D COMSOL,           curve fitting to  √            
 
Based on these two curve fitting methods the standard error is computed as:  
                   √
∑ (     ) 
 
   
 
                                 5.1 
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Table 5.4 Error between curved fitted experimental data to COMSOL 3D simulation for 680nm 
 
Table 5.5 Error between curved fitted experimental data and COMSOL 3D simulation for 795nm 
 
 
Table 5.6 Error between curved fitted experimental data to COMSOL 3D simulation for 850nm 
 
 
 
 
680nm 
 
 
Three layers w/ 
Occlusion 1 
Three layers w/ 
Occlusion 2 
Three layers w/ 
Occlusion 3 
Three layers 
w/ Occlusion 4 
Error % Error % Error % 
 
Error % 
IL IP IL IP IL IP IL IP 
30-1000 MHz 3.57 2.78 3.22 2.21 3.34 2.57 3.14 2.85 
30-300 MHz 1.45 2.45 1.34 2.49 1.16 2.48 1.27 2.35 
100-500 MHz 1.83 2.61 1.47 2.52 1.38 2.36 1.48 2.61 
500-1000 MHz 3.72 3.25 3.23 3.13 3.42 3.31 3.34 3.45 
30-500 MHz 1.56 2.44 1.39 2.31 1.26 2.38 1.25 2.54 
100-1000 MHz 3.69 3.15 3.44 3.31 3.52 3.21 3.31 3.31 
795nm 
 
 
Three layers w/ 
Occlusion 1 
Three layers w/ 
Occlusion 2 
Three layers w/ 
Occlusion 3 
Three layers 
w/ Occlusion 4 
Error % Error % Error % 
 
Error % 
IL IP IL IP IL IP IL IP 
30-1000 MHz 4.21 2.53 4.36 2.75 4.23 2.23 4.43 2.68 
30-300 MHz 2.12 2.61 2.22 2.50 2.32 2.39 2.16 2.42 
100-500 MHz 2.35 2.65 2.33 2.59 2.25 2.37 2.43 2.34 
500-1000 MHz 4.42 3.53 4.54 3.48 4.31 3.26 4.38 3.38 
30-500 MHz 2.27 2.41 2.12 2.39 2.36 2.32 2.63 2.29 
100-1000 MHz 4.46 3.35 4.51 3.51 4.33 3.25 4.51 3.42 
850nm 
 
 
Three layers w/ 
Occlusion 1 
Three layers w/ 
Occlusion 2 
Three layers w/ 
Occlusion 3 
Three layers 
w/ Occlusion 4 
Error % Error % Error % 
 
Error % 
IL IP IL IP IL IP IL IP 
30-1000 MHz 3.33 2.28 3.16 2.39 3.33 2.82 3.23 2.98 
30-300 MHz 1.22 2.19 1.25 2.91 1.11 2.09 1.34 2.29 
100-500 MHz 1.65 2.68 1.57 2.69 1.34 2.38 1.51 2.05 
500-1000 MHz 3.56 3.75 3.32 3.51 3.43 3.08 3.23 3.37 
30-500 MHz 1.33 2.85 1.54 2.37 1.22 2.39 1.24 2.19 
100-1000 MHz 3.47 3.29 3.62 3.19 3.45 3.64 3.64 3.84 
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Table 5.7 Error between robust regression data curve fitting to COMSOL 3D simulation for 680nm 
 
Table 5.8 Error between robust regression data curve fitting to COMSOL 3D simulation for 795nm 
 
Table 5.9 Error between robust regression data curve fitting to COMSOL 3D simulation for 850nm 
 
 
 
 
 
680nm 
 
 
Three layers w/ 
Occlusion 1 
Three layers w/ 
Occlusion 2 
Three layers w/ 
Occlusion 3 
Three layers 
w/ Occlusion 4 
Error % Error % Error % 
 
Error % 
IL IP IL IP IL IP IL IP 
30-1000 MHz 3.45 4.09 3.37 4.19 3.22 4.09 3.26 4.13 
30-300 MHz 2.26 3.35 2.16 3.27 2.47 3.35 2.35 3.35 
100-500 MHz 2.53 4.18 2.55 4.28 2.38 4.18 2.25 4.55 
500-1000 MHz 5.85 5.35 5.44 5.42 5.64 5.35 5.63 5.68 
30-500 MHz 2.42 3.06 2.37 3.15 2.29 3.06 2.33 3.46 
100-1000 MHz 4.74 4.65 4.24 4.49 4.09 4.74 4.51 4.07 
795nm 
 
 
Three layers w/ 
Occlusion 1 
Three layers w/ 
Occlusion 2 
Three layers w/ 
Occlusion 3 
Three layers 
w/ Occlusion 4 
Error % Error % Error % 
 
Error % 
IL IP IL IP IL IP IL IP 
30-1000 MHz 3.32 4.54 3.55 4.22 3.32 4.29 3.41 4.37 
30-300 MHz 2.34 3.32 2.53 3.48 2.51 3.37 2.98 3.51 
100-500 MHz 2.54 4.16 2.43 4.65 2.34 4.17 2.83 4.42 
500-1000 MHz 5.56 5.19 5.25 5.75 5.29 5.26 5.87 5.33 
30-500 MHz 2.43 3.27 2.34 3.70 2.47 3.28 2.82 3.49 
100-1000 MHz 4.45 4.59 4.71 4.15 4.39 4.35 4.72 4.43 
850nm 
 
 
Three layers w/ 
Occlusion 1 
Three layers w/ 
Occlusion 2 
Three layers w/ 
Occlusion 3 
Three layers 
w/ Occlusion 4 
Error % Error % Error % 
 
Error % 
IL IP IL IP IL IP IL IP 
30-1000 MHz 3.45 4.48 3.37 4.43 3.16 4.74 3.26 4.67 
30-300 MHz 2.26 3.18 2.16 3.52 2.55 3.47 2.35 3.42 
100-500 MHz 2.53 4.70 2.55 4.37 2.43 4.13 2.25 4.28 
500-1000 MHz 5.85 5.59 5.44 5.49 5.53 5.52 5.63 5.81 
30-500 MHz 2.42 3.43 2.37 3.46 2.26 3.39 2.33 3.52 
100-1000 MHz 4.74 4.69 4.24 4.53 4.44 4.88 4.51 4.77 
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 The result shows that numerical modeling using 3D FE is sufficient to be 
used in order to predict high optical activities in biological media. Difference error 
between curve fitted experimental data and 3D COMSOL simulation is less than 
6%, which is insignificant.  
5.4.1 Early Detection of TBI  
 
 Results from section 5.4 support the thesis task in accurate modeling of  
TBI using 3D FEM, and as an indication of this process it is observed that a 
change of slope of the resulted IL occurs when compared to the control IL. This 
indication is related to the understanding of frequency modulation concept of 
photons and flight of travel through the inhomogeneous media. Knowing the exact 
frequency at which the photon is interacting with the embedded occlusion is of 
great interest in this chapter, and it can be done using a threshold method based on 
the slope change of the IL. It is important to understand that change of slope is 
observed in IL but it's not clearly observed in IP and that is adjustable due to the 
close values of    
   and slope of IP is increasing high as the values of    
  is also 
high comparing to    . The threshold process is explained in Figure.. where first 
we compute ∆IL between insertion loss due an embedded occlusion and when 
there is no occlusion. Then taking the first derivative of the resulted ∆IL and  ∆IP 
locating the local minimum and cross axis frequency stamp to be the point of 
interaction between modulated photon and occlusion. The experimental result is 
curve fitted to the square root of frequency and then first and second derivative is 
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computed as shown in Figure 5.27 for ∆IL of 680nm, Figure 5.28  for ∆IP of 
680nm, Figure 5.29 for ∆IL of 795nm, Figure 5.30  for ∆IP of 795nm, Figure 31 
for ∆IL of 850nm, and Figure 32  for ∆IP of 850nm.  
 
Figure 5.27 First and second derivative of curve fitted experimental data of ∆IL at 680nm 
 
 
Figure 5.28 First and second derivative of curve fitted experimental data of ∆IP at 680nm 
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Figure 5.29 First and second derivative of curve fitted experimental data of ∆IL at 795nm 
 
 
Figure 5.30 First and second derivative of curve fitted experimental data of ∆IP at 795nm 
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Figure 5.31 First and second derivative of curve fitted experimental data of ∆IL at 850nm 
 
 
Figure 5.32 First and second derivative of curve fitted experimental data of ∆IP at 850nm 
 
 These results are tabulated to identify the frequency stamp at which the 
modulated photon interacting with the different sizes of occlusions in Table 5.10 
for FEM simulated result and Table 5.11 for curve fitted experimental results.  
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Table 5.10 COMSOL threshold and frequency identification for different sizes of TBI 
 
 
 
 
 
 
Table 5.11 Curve fitted experimental data threshold and frequency identification for different sizes 
of TBI 
 
 
 
 
 
 
Based on numerical simulation performed by COMSOL these result shows that 
with an increment of 0.5cm in diameter a frequency interacting starts around 
300MHz and has an increase of 13MHz for each additional 0.5cm increment. 
While curve fitted experimental data shows frequency increment between 15-
18MHz for each 0.5cm increment in diameter. These result can be used to 
   
 
Occlusion size  
 
Wavelength Threshold 
Frequency (MHz) 
  
680nm 0.5cm 371 
1.0cm 355 
1.5cm 337 
2.0cm 322 
795nm 0.5cm 357 
1.0cm 344 
1.5cm 331 
2.0cm 318 
850nm 0.5cm 326 
1.0cm 313 
1.5cm 300 
2.0cm 287 
    
 
Occlusion size  
 
Wavelength Threshold 
Frequency (MHz) 
  
680nm 0.5cm 376 
1.0cm 361 
1.5cm 343 
2.0cm 330 
795nm 0.5cm 379 
1.0cm 366 
1.5cm 345 
2.0cm 329 
850nm 0.5cm 345 
1.0cm 337 
1.5cm 312 
2.0cm 295 
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construct an image showing the exact modulated photons interacting with the 
different occlusion sizes as shown in Figure 5.33. 
 
Figure 5.33 Conceptual results of embedded occlusions and most favorable path of different 
modulated photon. 
 
5.4.2 Error analysis associated with systematic measurements. 
 
 The aim of error analysis is to quantify and record the errors associated 
with the inevitable spread in a set of measurements, and to identify how we may 
improve the experiment. In any physical science experiment there is a justification 
to determine the value of a quantity or set of quantities. However, there will 
always be an error associated with that value due to experimental uncertainties. 
The error gives a characteristic range in which it’s believed the correct value lies 
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with a specified likelihood. There are two important aspects that need to be 
explained before discussing the sources of error. One is the accurate measurement, 
which the results of the experiment are in agreement with the accepted or predicted 
values; another is a precise measurement, which the result is either relative to the 
average results or in absolute magnitude. Note that in our measurements of 
broadband modulated photon behavior in homogenous or inhomogeneous media 
the concept of accuracy is only valid where a comparison with a known theoretical 
value is achieved. Much of engineering experiment is concerned with reducing 
errors. There are three main sources of errors that are associated with our 
experiment of functional NIR: random error, systematic error, and mistakes. Since 
the identification of TBI is based on the slope of change in IL then amplitude 
variation is the important factor that needs to be analyzed when error impacts.  
 
5.4.2.1 Random errors due to hardware uncertainties  
 
 Random errors are usually related to the hardware uncertainties that usually 
result in variation of the hardware outputs. Since we are using optical source and 
optical receiver then each of these components can cause variation in their 
performance due to the operating point uncertainties. In our system, both optical 
transmitter and optical receiver have separation voltage/current input that result in 
both to be operating in the linear region. For example, the optical transmitter is a 
Tri-wavelength VCSEL that is a three different wavelength lasers with each having 
different threshold current input. These threshold currents are the minimum current 
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required for the laser to operate, but since we are modulating the laser then a 
higher bias operating point is chose for the full wave signal to be modulated 
without any distortion as shown in Figure 5.34.  
 
Figure 5.34 Conceptual laser modulation method.  
 
 Knowing the exact threshold current can help in maximizing the amplitude 
of the modulating signal of the photons and therefore enhance our optical system 
for the application of optical imaging. Uncertainties in threshold current of the 
laser will cause the modulated signal to be either truncated or distorted as shown in 
Figure 5.35. Therefore based on the uncertainties provided from the manufacture 
the loss in IL and IP is computed based on the analysis of truncated analog signal 
and its furrier transformation. After transferring the truncated analog signal shown 
in Figure 5.36 from the time domain to the frequency domain, then magnitude and 
phase is computed and normalized to show the loss at different frequencies.     
138 
 
 
Figure 5.35 Conceptual laser modulation method and threshold current variation. 
 
Figure 5.36 Modulated signal truncation due to threshold current variation. 
 Due to the current threshold variation the modulated signal is truncated in 
its amplitude. The process uses these truncated signals and converts them to the 
frequency domain where amplitude and phase of the signal is computed. The 
amplitude is then relatively analyzed when subtracted from the control signal, a 
signal that has no truncation, and then converted to dB scale to show the loss at 
different frequencies as shown in Figure 5.37.  
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Figure 5.37 Insertion Loss due to threshold current variation:             0.1mA variation,             
0.2mA variation,             0.3mA variation,              0.4mA variation,             0.5mA variation.  
 
5.4.2.2 Systematic errors due to misalignment   
 Systematic error is usually caused by the measuring method or instruments. 
This is an important aspect of our measurements of inhomogeneous media. The 
inhomogeneous media we are dealing with consists of three layers of thin 
phantoms that resemble the human head with the ability to stack a fourth layer 
with a different occlusion diameter in between the three layers as shown in Figure 
5.2. The occlusion represents an early sign of traumatic brain injury (TBI) and the 
location of the optical transmitter and receiver would cause a difference in reading 
and could cause a systematic error that affects the accuracy of measurements. The 
accuracy of measurements due to misalignment can cause difficulties in detecting 
early sign of TBI such as an occlusion with small size diameter.  
 The inhomogeneous media of layers of homogenous media would not be a 
problem for this cause of misalignment because any location of the source or 
detector would give the same experimental result, though it’s very important when 
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an occlusion is present.  For this important task of determining the cause of 
systematic error, a set of numerical measurements is derived through Numerical 
Simulator COMSOL to help in understanding the limitation of these different 
occlusion sizes and their effect of an actual experimental measurements and 
locations.  
 
Figure 5.38 Top view of the multilayer phantom with imbedded occlusions and optical 
transmitter/receiver locations 
 
 The error analysis of conceptual misaligning the optical transmitter and 
optical receiver with a fixed separation of 2cm in between are shown in Figure 
5.38. Each simulation is based on four locations of the optical transmitter and 
receiver. The location starts across the center where the occlusion is embedded and 
moves away in one direction with 0.9cm separation increment. This method will 
help define the error limitation of systematic measurements associated with 
misalignment of fixed separation of optical transmitter and receiver. These 
simulations are fully explained in Appendix F showing full error bars associated 
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with these error sources along with experimental broadband results. The averaged 
loss associated with these analysis is shown in Figure 5.39.  
 
 
Figure 5.39 Mean Insertion Loss due to different location of optical Tx/Rx away from the center:              
 0.5cm occlusion ,             1.0cm occlusion,             1.5cm occlusion,              2.0cm 
occlusion. 
 
 
5.5 Summary  
 This chapter covers the core and recap analysis of this thesis where the 
numerical modeling and experimental procedure are developed to predict early 
signs of hematoma, which is related to Traumatic Brain Injury (TBI). Experimental 
procedure using human head phantoms with different sizes of occlusion and 
optical system is discussed along with numerical modeling in 3D for the same 
process. Standard error between 3D numerical modeling and experimental result 
are computed using two methods of curve fitting of robust regression and curve 
fitting the raw experimental signal to the square root of frequency. The error that 
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might cause experimental distortion at different frequencies due to systematic error 
of misalignment along with random error due to threshold current of the laser is 
discussed as the main sources of error that could face our developed optical 
system. Detection of small size occlusion, hematoma, and identifying the 
frequency modulated of the most favorable path of photon is achieved in this 
Chapter through the use of 3D FEM using COMSOL and experimental 
measurements. Frequency broadband measurements of IL and IP based on photon 
migration through multilayer human head phantom shows a promising 
breakthrough in detecting any high optical activity within certain depth beneath 
scalp. First and second derivative for ∆IL is reported here as a novel method of 
bio-marker to identify small size of hematoma with high accuracy.         
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CHAPTER VI 
CONCLUSION AND RECOMMENDATION FOR FUTURE WORK 
 
6.1 Introduction 
 This thesis focused on 3D FINITE ELEMENT MODELING AND 
SIGNAL PROCESSING TICHNIQUE OF BROADBAND FREQUENCY 
MODULATED FUNCTIONAL NEAR INFRARED SYSTEM FOR HUMAN 
HEAD AND DETECTION OF TRAUMATIC BRAIN INJURIES. Numerical 
method used in this thesis is developed in three dimension (3D) and evaluated at 
three wavelength of interest. These wavelengths of 680nm, 795nm, and 850nm has 
biological phenomena due to their photon nature of either absorption or scattering 
in human biological medias. Experimental and 3D FE numerical modeling is 
developed using the tri-wavelength fNIR system to address the photon behavior in 
homogenous and inhomogeneous biological phantoms that resembles human head 
before and after injury. This Chapter will focus first on summary and conclusion of 
the thesis and then followed by recommendation for future work.  
6.2 Summary and Conclusion  
 The thesis consist of three parts, one is the understanding of analytical 
modeling and optical parameter extraction along with 2D FE modeling of 
homogenous media. Second is the need to model human head with high resolution, 
and that is done by transforming from 2D to 3D numerical modeling and applying 
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both numerical modeling and experimental procedure to measure Insertion Loss 
and Insertion Phase of multi-layers phantom. The last part is to apply developed 
methods of 3D FE numerical modeling and experimental procedure to detect early 
signs of TBI using signal processing methods.  
 Analytical modeling using diffusion equation (DE) and optical system are 
developed along with signal processing algorithm to extract optical parameters of 
homogenous media using inverse problem solving in MATLAB and is discussed in 
Chapter 2. The first step of 2D FE numerical modeling is developed in this Chapter 
and confidence is achieved when numerical model is compared to the analytical 
model. Optical parameter extraction of different phantom layers using different 
topologies of transmission, semi-transmission, and reflection mode was done with 
high accuracy and error less than 5%. Both 2D FE numerical modeling and DE 
representing analytical modeling shows convergence in their performance for 
homogenous media and error between models is less than  4%. Chapter 2 
resembled confidence in 2D numerical modeling of homogenous media along with 
high accuracy of optical parameter extraction using DE. 
  Transition between 2D numerical modeling to 3D is discussed in the first 
part of Chapter 4. Confidence in 3D FE numerical modeling is achieved by 
repeating important simulation for three different topologies discussed in Chapter 
3. The simulation is later used to compute error difference between 2D numerical 
modeling and 3D numerical modeling, and the difference is less than 2%. After 
having confidence in 3D FE numerical modeling, the three layers inhomogeneous 
media is introduced. A three layers phantom that resembles human head of scalp, 
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skull, and cortex is used to study modulated photon behavior in 3D. The result 
shows different Insertion Loss and Insertion Phase behavior for a combination of 
single layer, two layers and three layers of phantoms. Two layers of scalp/cortex 
and skull cortex is analyzed using both 3D numerical modeling and experimental 
procedure, and it shows that scalp/cortex has higher Insertion Loss and Insertion 
Phase than skull/cortex, while three layers of scalp/skull/cortex has the highest 
Insertion Loss and Insertion Phase. This is expected due to the optical properties of 
the phantoms. The highest absorption and scattering properties for the single layer 
phantom is in the cortex then scalp and last in skull. Therefore the three layers 
combination of scalp/skull/cortex will have highest IL and IP, then scalp/cortex,  
skull/cortex, and last is the single layer of cortex.  
 Human head is resembled using three layers of phantoms and both 3D 
numerical modeling of modulated photon traveling in these layers is achieved in 
Chapter 4. Chapter 5 address the early detection of a medical case called traumatic 
brain injury (TBI). TBI is a neurological disorder that in most cases caused by 
head injuries caused by blast injuries or head on collisions. The method used to 
resemble TBI is done by introducing early sign of hematoma. Hematoma is a 
blood occlusion that has high absorption and scattering coefficients. Therefore the 
phantom model used in previous Chapters is extended to have an embedded 
occlusion on top of the cortex layer. Different sizes of occlusion is used with the 
smallest size of 0.5cm in diameter and largest of 2cm in diameter. Both 
experimental procedure and 3D FE numerical modeling simulation is performed 
and confidence in the result is achieved when standard error is computed between 
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curve fitted experimental data and 3D FE numerical method simulated data. 
Results from this Chapter support the task of accurate modeling of TBI using 3D 
FEM, and as an indication of this process it is observed that a change of slope of 
the resulted IL occurs when compared to the control IL. This indication is related 
to the understanding of frequency modulation concept of photons and flight of 
travel through the inhomogeneous media. Knowing the exact frequency at which 
the photon is interacting with the embedded occlusion is of great interest, and it 
can be done using a threshold method of identifying a frequency-stamp at which 
the slope of IL is changed. It is important to understand that change of slope is 
observed in IL but it's not clearly observed in IP and that is adjustable due to the 
close values of    
  for stacked layers of scalp, skull, and cortex. The slope of IP is 
increasing high without change in slope and that is due to the high values of    
 . 
The threshold process is explained in Appendix E, where first we compute ∆IL 
between Insertion Loss due an embedded occlusion and when there is no occlusion 
(control). Then taking the first and second derivative of the resulted ∆IL and 
locating the local minimum and zero frequency-axis cross over as the point of 
interaction between modulated photon and occlusion. These frequency stamps are 
related to frequency modulated photon interaction with different sizes of occlusion 
as shown in Table 5.10 and Table 5.11.  First and second derivative for ∆IL is 
reported here as a novel method of bio-marker to identify small size of hematoma 
with high accuracy. The last part of the chapter is discussing the system error due 
to hardware uncertainties and misalignment of testing system. System error is 
important for result precision and future developed multi-location Tx/Rx system. 
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The results of the error analysis shows that at lower frequencies the signal loss is 
higher than higher frequencies when transmitter operating current is varied more 
than 0.1mA. The variation of current threshold should be within the optimal case 
of signal modulation, in sense it should not affect the amplitude of the modulated 
signal. Misalignment of the optical transmitter and receiver is also a source of error 
in our system, and it is computed that more than 0.5cm of misalignment away from 
the center of the phantom, the loss is high and an occlusion of 0.5cm and 1cm 
diameter will not be detected. These effect of these uncertainties is shown in 
detailed result in Appendix F.          
6.3 Recommendations for future work   
In order to further improve the performance of developed fNIR system and optical 
imaging, further research topics are recommended.  
 
Real time physiological-tracking measured system  
Different physiological activity and tumor growth require an optical system that 
can detect the three main cellular behaviors of oxygenation, de-oxygenation, and 
accumulation of water. Solid phantoms are built with known optical parameters at 
certain wavelength and do not give a real time optical activity for different 
wavelength. It is shown in this thesis that the phantoms requested from INO are 
built using certain optical parameters at certain wavelength of 680nm and 
measurements at other wavelength gave a close value of IL and IP. The anticipated 
protocol before applying the system on human subjects should include limitation 
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and characteristic of the developed hardware and numerical system for phantoms 
that has the ability to perform real time physiological-tracking measured. These 
phantoms should have unique optical behavior at different wavelengths, therefore 
it is recommended to develop a measured set of phantoms that has unique optical 
properties at different wavelength to present oxygenated, de-oxygenated, and water 
accumulation scenarios. Uncertainties in hardware and numerical modeling need to 
be adjusted and calibrated based on the behavior of real time physiological 
activity.  
 
Inverse problem solving algorithm: 
The important aspect of optical imaging is the information provided by the 
imaging system to better diagnose the patient. One of the aspects developed as part 
of the diagnosis process is the inverse problem solving to extract the optical 
parameters based on either the analytical or MC solution of homogenous or 
inhomogeneous bio-media. The importance of using FE modeling is the ability to 
faster process the photon behavior in bio-media and provide simulated result. In 
this thesis modeling the photons traveling through human head and occlusions has 
been achieved, while the inverse problem solving using this model is 
recommended. The recommendation could be achieved by developing a 
programmable algorithm that act as an interface between COMSOL software and 
MATLAB. The algorithm is programmed to collect data from experimental 
procedure and run them through least square error algorithm using COMSOL 3D 
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FE modeling, and then provide information related to the optical parameters of the 
tested media.     
 
Hardware improvement and precision: 
Optical system used in this thesis is based on in-lab developed optical transmitter 
and commercially available optical receiver. Optical transmitter used in this thesis 
need to be addressed when used in multi-locations. It is very important to have 
optical transmitters with operating current threshold variation less than or equal to 
0.1mA. Higher values would result in high error between results specially when 
multi-lasers for multi-locations is used. Small size optical receiver with high 
sensitivity is recommended for the purpose of developing a complete system for 
brain mapping. Multi-location of transmitter and receiver with misalignment of 
less than 0.5cm between each pair of transmitter and receiver is recommended 
based on the result obtained from Chapter 5.     
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APPENDIX A 
 
A.1 Introduction  
 This appendix shows the optical parameter extraction algorithm based on 
the analytical solution of diffusion equation (DE). Uncorrelated noise sources from 
the optical transmitter and receiver are to be combined to quantify free space 
measurement noise floor level. In addition artifacts associated with frequency 
response limitation of a broadband laser driver and tarnsimpedance amplifier need 
to be removed for more accurate assessment. Two separation measurement 
methods is proposed here to remove the artifacts of interfaces, while performing 
insertion loss and insertion phase measurements. The method principle is based on 
tissue parameter extraction by subtracting common sources of error out of two 
consecutive measurements at two different optical transmitter and receiver 
separations. In particular any errors associated with interface of optical transmitter 
and optical receiver with phantom is to be subtracted. For example, the optical 
transmitter and receiver are placed 1cm apart and insertion loss and phase are 
measured and stored, then the receiver is moved away by 0.5cm from its original 
position and data are again collected. Finally mathematical operation of 
data/memory in ANA is performed to subtract insertion loss (in dB) and insertion 
phase (in degrees) of these two consecutive measurements to get a result of 
insertion loss and insertion phase of 0.5cm as depicted in Figure A.1.  
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Figure A.1 Two separation method to eliminate artifact 
 The second step after removing noise artifacts is the curve fitting method. 
Another type of signal processing would be curve fitting the data to the diffusion 
equation. In this step we use the diffusion equation analytical result for certain 
separation and then curve fit the raw data collected. Eventually, the raw data was 
given a similar behavior to the analytical results, but reflecting amplitude and 
phase fluctuation due to non-ideal behavior of the optical transmitter, 
inhomogeneous diffused medium, and non-ideal interface to the optical receiver. 
Curve fitting method of is done by constructing mathematical function that has the 
best fit to a series of data points (DE). The algorithm used for curve fitted is shown 
in the block diagram in Figure A.2. Both insertion loss and insertion phase for two 
separation is curve fitted to   √      , subtracted, use the least square error 
method in Matlab, and then extract the optical parameters. The least square curve 
(lsqcurvefit) fitting method is based on Levenberg-Macquart, which is used to 
minimize the merit function. Three wavelengths have been curve fitted using the 
algorithm explained in this appendix. The process starts with collecting raw data 
from the network analyzer which provides information about the insertion loss and 
phase loss. These raw data is collected from two different distances to eliminate 
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the artifact as mentioned in previous section. After collecting the raw data a curve 
fitting program in Matlab was created to extract the both parameter a and b to best 
fit the mathematical function of  √      . Note that for each data of the three 
wavelengths of 680, 795, and 850nm, different fitting parameters are extracted to 
give a unique solution for each raw data. The second step is based on subtracting 
the two curve fitted mathematical data to result in      (  ) and    (   ). The 
Insertion loss result from the curve fitted resembles the electrical loss given from 
the network analyzer where the diffusion equation uses the optical loss. Known 
that the electrical loss is double the optical loss therefore a conversion factor of 2 
in dB values has been made.  
 
 
 
 
 
   
 
 
Figure A.2 Flow chart used for extraction algorithm of biological parameters 
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A.2 MATLAB code  
%----------------- 
% Optical Attenuation  
% Ebraheem Sultan  
%----------------- 
f1=modulating frequency;  
c=speed of light in tissue;  
ua=absorbtion coeff; 
us=scattering coedd; 
g=anistropic factor; 
us1=us*(1-g); 
Kr= 
(((3/2).*(ua.*us1)).^(1/2)).*[[[[1+(((2.*pi.*f1)./(c.*ua)).^2)].^(
1/2)]+1].^(1/2)];  
Ki= 
(((3/2).*(ua.*us1)).^(1/2)).*[[[[1+(((2.*pi.*f1)./(c.*ua)).^2)].^(
1/2)]-1].^(1/2)]; 
D=1/(3*(us1)); 
Sigma=(D/ua)^0.5;   
  
%d1 
p1=0.95; 
Air=1; 
Reff=0.493; 
ro=[((us1).^(-2))+(p1.^2)].^(0.5); 
rb=[(((4./(3.*us1)).*((1+Reff)/(1-
Reff))+(1/us1))^2)+(p1.^2)].^(0.5);  
Rl1=[(exp(-ro.*Kr))./ro]; 
Rl2=[(cos((rb-ro).*Ki))]; 
Rl3=[[((exp(-rb.*Kr))./rb)]]; 
Rl=Rl1-(Rl2.*Rl3); 
Ig1 = sin((rb-ro).*Ki); 
Ig2=((exp(-Kr.*rb))./rb); 
Ig=Ig1.*Ig2; 
plag1=(180/pi)*(Ki.*ro)-atan(Ig./Rl); 
Att1=pow2db((Air./(4.*pi.*D)).*[((Rl.^2)+(Ig.^2)).^(0.5)]); 
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%d2 
p2=0.5; 
Kr1= 
(((3/2).*(ua.*us1)).^(1/2)).*[[[[1+(((2.*pi.*f1)./(c.*ua)).^2)].^(
1/2)]+1].^(1/2)];  
Ki1= 
(((3/2).*(ua.*us1)).^(1/2)).*[[[[1+(((2.*pi.*f1)./(c.*ua)).^2)].^(
1/2)]-1].^(1/2)]; 
D=1/(3*(us1)); 
Sigma=(D/ua)^0.5; 
ro1=[((us1).^(-2))+(p2.^2)].^(0.5); 
rb1=[(((4./(3.*us1)).*((1+Reff)/(1-
Reff))+(1/us1))^2)+(p2.^2)].^(0.5);  
Rl11=[(exp(-ro1.*Kr1))./ro1]; 
Rl21=[(cos((rb1-ro1).*Ki1))]; 
Rl31=[[((exp(-rb1.*Kr1))./rb1)]]; 
Rl5=Rl11-(Rl21.*Rl31); 
Ig4 = sin((rb1-ro1).*Ki1); 
Ig5=((exp(-Kr1.*rb1))./rb1); 
Ig6=Ig4.*Ig5; 
%Phase angle = plag1 
%Attenuation = Att1 
plag3=(180/pi)*(Ki1.*ro1)-atan(Ig6./Rl5); 
Att3=pow2db((Air./(4.*pi.*D)).*[((Rl5.^2)+(Ig6.^2)).^(0.5)]); 
atn1=(Att1-Att3); 
Phase1=(plag1-plag3); 
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APPENDIX B  
 
B.1 Introduction 
 This Appendix gives a detailed information about the FEM modeling 
parameters associated with boundary condition and mesh structure.   
B.2 Boundary conditions  
 In COMSOL, the boundary condition is set either through Dirichlet or 
Neumann boundary conditions, where they are set to express the fluence rate     
at desired boundaries.  Dirichlet and Neumann boundary conditions are chosen 
appropriately for air-dielectric (or dielectric-dielectric) and radiation condition in 
region surrounding phantom. The mathematical representation is expressed as  
 
  ((   )  ((   ) )                 (b.1) 
                                                           (b.2) 
where             are the boundary coefficients for the phantom modeling. For 
the diffused photon flux, h=1 and r=0.  For the matching boundary of air dielectric 
and dielectric and dielectric interfaces q=0 and g=0. It is important to mention that 
extrapolated boundary condition take into account the phantom-air boundary as a 
radiation boundary by setting the fluence rate to zero using Eq. b.2 without any 
impact on error achieved. 
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B.2.1: Neumann Boundary in PDE 
 When Neumann boundary condition is enabled then this equation is 
presented in Eq. b.1, where q and g are the boundary parameters and u is the 
fluence rate (flux density). If we are talking about either the electric flux density or 
the electromagnetic flux density then we can represent the Neumann boundary as 
follows:  
a) Electric flux boundary condition:  
   ((  )  ((  ) )      
Where the normal component of the electric flux density n is is the normalized 
vector.   
a) Electromagnetic flux boundary condition:  
   (( )  (( ) )      
Where  the normal component of the electromagnetic flux density and n is is the 
normalized vector.  
The general case would be as follows:  
    (( )  (( ) )                                    
Therefore if the current leaving is equal to the current entering then :  
1) Electric flux: the normal component of the electric flux density across an 
interface between two media is continuous    
2) Electromagnetic flux: the normal component of the electromagnetic flux density 
across an interface between two media is continuous    
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3) Photon flux: : the normal component of the photon flux density across an  
interface between two media are continuous    
  For this case we set q=0 and g=0 (desired by our modeling) 
If current leaving is not equal to the current entering then:  
1) Electric flux: the normal component of the electric flux density across an 
interface between two media is not continuous    
2) Electromagnetic flux: the normal component of the electromagnetic flux density 
across an interface between two media is not continuous    
3) Photon flux: the normal component of the photon flux density across an  
interface between two media are not continuous    
 This is not desired by our modeling but it will be achieved by setting different 
values for q and g 
B.2.2: Dirichlet boundary: A mix boundary 
 When Dirichlet boundary, a mix boundary, condition is enabled then these 
two equations b.1 and b.2 are presented in COMSOL. Specifically the first 
equation b.1 would describe the boundary between two media (   )  and(   ) . 
The second equation, b.2, would describe the boundary on the media and if the 
flux density would exist or not.   
The general case would be as follows  
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If the flux density is set to a value then it would mean that There is a constant flux 
potential on the boundary of the media added. This is not our case since on the 
boundary there is no constant flux potential rather than no flux on the boundary is 
required. Therefore we set the boundary as          on the sides of the media 
and this will tell COMSOL not to simulate beyond this point.  
 
B.2.3: Simulating for best scenario  
 As simulation are performed for different scenarios in order to fully 
understand the boundary conditions. All the simulation is done as prove of concept 
at 100MHz.    
 
Figure B.1 COMSOL set-up for homogenous media and boundaries 
 
B.2.3.1: Continuous or discontinuous photon flux density  
1) Discontinuous: High Mismatch between two layers    
      This is achieved by applying Neumann boundary condition to achieve  
  ((   )  ((   ) )            
Table B.1 Neumann parameters for mismatch 
q  0 
g  A high value >3 
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Figure B.2 COMSOL simulation for homogenous with High Mismatch between two layers 
 
 
2) Continuous: Match between two layers    
      This is achieved by applying Neumann boundary condition to achieve  
  ((   )  ((   ) )      
Table B.2 Neumann parameters for boundary between air and tissue to have continuous flux 
q  0 
g  0 
 
 
 
 
 
Figure B.3 COMSOL simulation for homogenous with match between two layers 
 
B.2.3.2: Flux density would exist or not.   
 The first approach was to understand the existence of the flux density at certain 
locations. If we are interested in non-existence of flux density then we apply Dirichlet 
boundary condition to achieve  
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to achieve this we can choose  
Table B.3 Dirichlet parameters for non-existence of flux density 
 
 
  
 
Figure B.4 COMSOL simulation for homogenous with no flux density on the boundary.  
 
 
The optimal case is when flux density is extrapolated with Continuous flow between 
layers. This is achieved by applying Dirichlet boundary condition to achieve  
      
And Neumann  
  ((   )  ((   ) )      
 
to achieve this we can choose  
 
Table B.4Boundary parameters for optimal case 
 
 
  
q  0 
g  0 
h  0 
r  0 
q  0 
g  0 
h  1 
r  0 
170 
 
 
 
Figure B.5 optimal case is when flux density is extrapolated with Continuous flow between layers.  
 
 
B.2.3.3: Space effect .   
 There are some concerns associated with flux density near the boundary specially 
when we set    . Would flux density degrades to zero or is it set to zero only at the 
boundary, this will help identifying the optimal dimension of the media. Therefore a 
simulation was performed for both cases when we have small media and a large media that 
represent an infinite media and looking at the receiver location around 3-4 centimeter 
away from the transmitter.  
1) Semi-Infinite media: Large media 
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Figure B.6 Space effect on receiver position for large media 
 
Table B.5 Space effect on receiver position for large media results at two frequencies 
Distance 100 MHz 1GHz 
3 cm  -21.8dB 180deg -26.1dB 230.2 deg 
4 cm  -32.4 dB 201.32 deg -39.71dB 260 deg 
 
2) Semi-Infinite media: Small media 
 
Figure B.7 Space effect on receiver position for small media 
Table B.6 Space effect on receiver position for small media results at two frequencies 
Distance 100 MHz 1GHz 
3 cm  -21.8dB 180deg -26.1dB 230.2 deg 
4 cm  -32.4 dB 201.32 deg -39.71dB 260 deg 
 
 
B.2.3.4: 3D modeling and boundary conditions  
The model consists of two layers on top of each other that forms inhomogeneous media. 
Looking at the boundary conditions we have used in section A.1 and A.2 we set boundary 
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between the layers to have a continuous flux flow and terminate the flux simulation 
around the media as shown in the next two figures.  
    
 
Figure B.8 Boundary set-up between two layers 
 
Figure B.9 Boundary set-up between two layers and outside  
 
 
B.2.3.5: 3D simulation   
 This section shows the simulated flux density when the optimal boundaries are set. 
As depicted in Figure B.10 the flux is continuous between the two layers and when 
moving outward the two media.   
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Figure B.10 2D Flux flow between two layers  
 
Figure B.11 3D Flux flow between two layers  
 
B.3 Mesh analysis 
B.3.1 Homogenous media  
 The meshing is an important element of the finite element simulation time. 
The higher the mesh structure the more time would take to compute the result. This 
Appendix would evaluate different meshing cases for both 2D and 3D. The 
analysis was done for        
 
  
 and   
    
 
  
 at 850nm.  
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B.3.1.1 Uniform meshing scenarios 
B.3.1.1.1 Uniform Mesh of 2e-6mm 
   
Figure B.12. 2D Uniform mesh structure of 2e-6mm 
 
Table B.7. Simulated result at 0.03GHz and 1GHz of 2D Uniform mesh structure of 2e-6mm 
Time Data point 1cm away 
from center  at 
0.03GHz 
Data point 1cm away from center  
at 1GHz 
0.88 s -12.12dB 1.3 deg -26.2dB 35.19 deg 
 
B.3.1.1.2 Uniform Mesh of 2e-7mm 
 
Figure B.13. 2D Uniform mesh structure of 2e-7mm 
 
Table B.8. Simulated result at 0.03GHz and 1GHz of 2D Uniform mesh structure of 2e-7mm 
Time Data point 1cm away 
from center  at 
0.03GHz 
Data point 1cm away from center  
at 1GHz 
150 s -9.2dB 0.7 deg -29.132dB 30.19 deg 
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B.3.1.1.3 Uniform Mesh of 1e-7mm 
   
Figure B.14. 2D Uniform mesh structure of 1e-7mm 
 
Table B.9. Simulated result at 0.03GHz and 1GHz of 2D Uniform mesh structure of 1e-7mm 
Time Data point 1cm away 
from center  at 
0.03GHz 
Data point 1cm away from center  
at 1GHz 
220 s -9.2dB 0.7 deg -29.13dB 30.19 deg 
 
B.3.2 Non-uniform meshing scenarios 
B.3.2.1 Measurement with different meshing:  
a) Uniform Mesh of 2e-6mm 
b) Specific area of high meshing of 1e-7mm 
     
Figure B.15. 2D Uniform mesh of 2e-6mm and specific square section Uniform mesh area of 1e-
7mm  
 
176 
 
Table B.10. Simulated result at 0.03GHz and 1GHz of 2D Uniform mesh of 2e-6mm and specific 
square section Uniform mesh area of 1e-7mm 
Time Data point 1cm away 
from center  at 
0.03GHz 
Data point 1cm away from center  
at 1GHz 
20 s -9.2dB 0.7 deg -29.13dB 30.19 deg 
 
B.3.2.2. Measurement with different meshing:  
a) Uniform Mesh of 2e-6mm 
b) Specific area of high meshing of 1e-7mm 
 
Figure B.16. 2D Uniform mesh of 2e-6mm and specific angle shape section Uniform mesh area of 
1e-7mm 
 
Table B.11. Simulated result at 0.03GHz and 1GHz of 2D Uniform mesh of 2e-6mm and specific 
angle shape section Uniform mesh area of 1e-7mm 
Time Data point 1cm away 
from center  at 
0.03GHz 
Data point 1cm away from center  
at 1GHz 
28 s -9.2dB 0.7 deg -29.13dB 30.19 deg 
 
B.3.2.3 Measurement with different meshing:  
a) Uniform Mesh of 2e-6mm 
b) Points of Tx and Rx of 1e-7mm 
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Figure B.17. 2D Uniform mesh of 2e-6mm and mesh size of 1e-7mm around transmitter and 
receiver 
 
Table B.12 Simulated result at 0.03GHz and 1GHz of 2D Uniform mesh of 2e-6mm and mesh size 
of 1e-7mm around transmitter and receiver 
Time Data point 1cm away 
from center  at 
0.03GHz 
Data point 1cm away from center  
at 1GHz 
5 s -9.2dB 0.7 deg -29.13dB 30.19 deg 
 
B.3.2.4 Using Symmetry Principle: one side is meshing uniformly of  1e-7mm 
 
 
Figure B.18. 2D Symmetry Principle: one side is meshing uniformly of  1e-7mm 
 
 
Table B.13. Simulated result at 0.03GHz and 1GHz of 2D Symmetry Principle: one side is meshing 
uniformly of  1e-7mm 
Time Data point 1cm away 
from center  at 
0.03GHz 
Data point 1cm away from center  
at 1GHz 
114 s -9.2dB 0.7 deg -29.13dB 30.19 deg 
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B.3.2.5. Using Symmetry Principle: one side is meshing uniformly of 1e-6mm 
and Tx and Rx of 1e-7mm 
      
Figure B.19. 2D Symmetry Principle: one side is meshing uniformly of 1e-6mm and Tx and Rx of 
1e-7mm 
 
Table B.14. Simulated result at 0.03GHz and 1GHz of 2D Symmetry Principle: one side is meshing 
uniformly of 1e-6mm and Tx and Rx of 1e-7mm 
Time Data point 1cm away 
from center  at 
0.03GHz 
Data point 1cm away from center  
at 1GHz 
4 s -9.2dB 0.7 deg -29.13dB 30.19 deg 
 
B.4 Inhomogeneous media 3D simulation   
B.4.1 Uniform meshing scenarios 
B.4.1.1 Measurement with different meshing:  
a) Uniform Mesh of 2e-3mm 
b) two layer of homogenous media's  
 
Figure B.20. 3D Inhomogenous media meshing uniformly of 2e-3mm 
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Table B.15. Simulated result at 0.03GHz and 1GHz of 3D Inhomogenous media meshing uniformly 
of 2e-3mm 
Time Data point 1cm away 
from center  at 
0.03GHz 
Data point 1cm away from center  
at 1GHz 
24.05 s -10.3dB 1.2 deg -31.3dB 33.4 deg 
 
B.4.1.2 Uniform Mesh of 2e-4mm 
two layers of homogenous medium  
 
 
Figure B.21. 3D Inhomogenous media meshing uniformly of 2e-4mm 
 
Table B.16. Simulated result at 0.03GHz and 1GHz of 3D Inhomogenous media meshing uniformly 
of 2e-4mm 
Time Data point 1cm away 
from center  at 
0.03GHz 
Data point 1cm away from center  
at 1GHz 
97.29 s -9.32dB 0.62 deg -30.2dB 31.1 deg 
 
 
B.4.1.3 Uniform Mesh of 2e-5mm 
two layers of homogenous medium 
  
Figure B.22. 3D Inhomogenous media meshing uniformly of 2e-5mm 
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Table B.17. Simulated result at 0.03GHz and 1GHz of 3D Inhomogenous media meshing uniformly 
of 2e-5mm 
Time Data point 1cm away 
from center  at 
0.03GHz 
Data point 1cm away from center  
at 1GHz 
173.24s  -9.32dB 0.62 deg -30.2dB 31.1 deg 
 
B.4.2 Non-Uniform meshing scenarios 
 B.4.2.1 Uniform Mesh of 2e-3mm,  interface between layers mesh of 8e-5mm, 
and Tx Rx points mesh of 8e-5mm: Two layer of homogenous media's 
 
Figure B.23. 3D Inhomogenous media meshing uniformly of 2e-3mm interface between layers 
mesh of 8e-5mm, and Tx Rx points mesh of 8e-5mm 
 
Table B.18. Simulated result at 0.03GHz and 1GHz of 3D Inhomogenous media meshing uniformly 
of 2e-3mm interface between layers mesh of 8e-5mm, and tx rx points mesh of 8e-5mm 
Time Data point 1cm away 
from center  at 
0.03GHz 
Data point 1cm away from center  
at 1GHz 
65.4 s -9.32dB 0.62 deg -30.2dB 31.1 deg 
 
B.4.2.2 Uniform Mesh of 2e-3mm,  interface between layers mesh of 2e-5mm, 
and Tx Rx points mesh of 2e-5mm: Two layer of homogenous media's 
 
 
Figure B.24. 3D Inhomogenous media meshing uniformly of 2e-3mm interface between layers 
mesh of 2e-5, and Tx Rx points mesh of 2e-5mm 
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Table B.19. Simulated result at 0.03GHz and 1GHz of 3D Inhomogenous media meshing uniformly 
of 2e-3 interface between layers mesh of 2e-5mm, and Tx Rx points mesh of 2e-5mm 
Time Data point 1cm away 
from center  at 
0.03GHz 
Data point 1cm away from center  
at 1GHz 
94.4 s -9.32dB 0.62 deg -30.2dB 31.1 deg 
 
B.4.2.3 Uniform Mesh of 2e-3mm,  interface between layers mesh of 2e-3mm, 
and tx rx points mesh of 2e-5mm: Two layer of homogenous media's 
 
Figure B.25. 3D Inhomogenous media meshing uniformly of 2e-3mm interface between layers 
mesh of 2e-3mm, and Tx Rx points mesh of 2e-5mm 
 
Table B.20. Simulated result at 0.03GHz and 1GHz of 3D Inhomogenous media meshing uniformly 
of 2e-3 interface between layers mesh of 2e-3mm, and Tx Rx points mesh of 2e-5mm 
Time Data point 1cm away 
from center  at 
0.03GHz 
Data point 1cm away from center  
at 1GHz 
25.94 s -9.32dB 0.62 deg -30.2dB 31.1 deg 
 
B.4.2.4 Uniform Mesh of 2e-4mm,  interface between layers mesh of 2e-5mm, 
and Tx Rx points mesh of 2e-5mm: two layer of homogenous media's 
 
 
Figure B.26. 3D Inhomogenous media meshing uniformly of 2e-4mm interface between layers 
mesh of 2e-5mm, and Tx Rx points mesh of 2e-5mm 
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Table B.21. Simulated result at 0.03GHz and 1GHz of 3D Inhomogenous media meshing uniformly 
of 2e-4mm interface between layers mesh of 2e-5mm, and Tx Rx points mesh of 2e-5mm 
Time Data point 1cm away 
from center  at 
0.03GHz 
Data point 1cm away from center  
at 1GHz 
141.08s -9.32dB 0.62 deg -30.2dB 31.1 deg 
 
B.5 Mesh analysis summary  
The section summarize both homogenous and inhomogeneous analysis  
 
Table B.22. Summary of 2D Homogenous media mesh analysis 
 
 
 
 
Table B.23. Summary of 3D Inhomogenous media mesh analysis 
 
 
 
 
B.6 Global expression and constants used in COMSOL modeling  
This section will provide constants used in COMSOL modeling as shown in Table B.24   
 
 
Scenario Data point 1cm away from 
center  at 0.03GHz 
Data point 1cm away from 
center  at 1GHz 
Time 
(seconds) 
1 -12.12dB 1.3 deg -26.2dB 35.19 deg 0.88 
2 -9.2dB 0.7 deg -29.13dB 30.19 deg 150 
3 -9.2dB 0.7 deg -29.13dB 30.19 deg 220 
4 -9.2dB 0.7 deg -29.13dB 30.19 deg 20 
5 -9.2dB 0.7 deg -29.13dB 30.19 deg 28 
6 -9.2dB 0.7 deg -29.13dB 30.19 deg 5 
7 -9.2dB 0.7 deg -29.13dB 30.19 deg 114 
8 -9.2dB 0.7 deg -29.13dB 30.19 deg 4 
Scenario Data point 1cm away from 
center  at 0.03GHz 
Data point 1cm away from 
center  at 1GHz 
Time 
(seconds) 
1 -10.3dB 1.2 deg -31.3dB 33.4 deg 24.05 
2 -9.32dB 0.62 deg -30.2dB 31.1 deg 97.29 
3 -9.32dB 0.62 deg -30.2dB 31.1 deg 173.24 
4 -9.32dB 0.62 deg -30.2dB 31.1 deg 65.4 
5 -9.32dB 0.62 deg -30.2dB 31.1 deg 94.59 
6 -9.32dB 0.62 deg -30.2dB 31.1 deg 25.94 
7 -9.32dB 0.62 deg -30.2dB 31.1 deg 141.08 
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Table B.24. Constants and parameters used in COMSOL modeling 
Parameters   
Laser_Power p[W] 
Modulation_freq f[GHz] 
R Phantom diameter[mm] 
g Anisotropic factor 
T [ps] 
photon_theta [deg] 
A_dc [mA] 
A_ac [mA] 
R_eff 0.49 
A_ir 1.00 
c 3.0*10^11[mm/s]/1.4 
time 1[s] 
vs c 
vf c 
Frequency 2*pi*Modulation_freq 
vsx vs*cos(photon_theta) 
vsy -vs*sin(photon_theta) 
vsz -vs*0 
vfx vs*cos(photon_theta) 
vfy vs*sin(photon_theta) 
vfz vs*0 
xc_occ [m] 
yc_occ [m] 
zc_occ [m] 
SECTION_2D_VAR
IABLES 
 
mu_a [1/mm] 
mu_s [1/mm] 
tissue_width [cm] 
tissue_depth [cm] 
SECTION_3D_VAR
IABLES 
 
mu_a1 [1/mm] 
mu_a2 [1/mm] 
mu_a3 [1/mm] 
mu_a4 [1/mm] 
mu_a_occ [1/cm] 
mu_s1 [1/mm] 
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Continue Table B.24 
mu_s2 [1/mm] 
mu_s3 [1/mm] 
mu_s4 [1/mm] 
mu_s_occ [1/cm] 
Tissue_region_3D_D
iameter 
[cm] 
Tissue_layer_1_h_3
D 
[cm] 
Tissue_layer_2_h_3
D 
[cm] 
Tissue_layer_3_h_3
D 
[cm] 
Tissue_layer_4_h_3
D 
[cm] 
Tissue_layer_occ_h_
3D 
Tissue_layer_3_h_3D 
SECTION_2D_PAR
AMETERS 
 
mu_s_apostrophe mu_s*(1-g) 
alpha abs(sqrt(3/2)*mu_s) 
l_tr 1/(mu_a+(1-g)*mu_s) 
z_b 1.68*l_tr 
rs l_tr 
box_width tissue_width 
box_depth tissue_depth+z_b+l_tr 
box_x_start -(box_width-R)/2 
box_y_start -(tissue_depth)+l_tr 
rsx 0[mm] 
rsy 0[mm] 
Absorber_x R/2 
Absorber_y -25[mm] 
Ox 0[mm] 
Oy l_tr 
Rx R 
Ry l_tr 
D l_tr/3 
k_squared_Zhou (-mu_a*c-i*Modulation_freq)/D*c 
k_squared_Xu (-mu_a+i*Modulation_freq/c)/D 
MFP_time_stepping_
max 
l_tr/c 
width_of_bundle 0.5*((4*mu_s*T^3)/(3*mu_s^2*T^2+2))^0.5 
Number_of_steps T*c/l_tr 
cT c*T 
delta (D/mu_a)^0.5 
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Continue Table B.24 
k_real ((3*mu_a*mu_s_apostrophe/2)^0.5)*((1+(Modulation_freq
/(c*mu_a))^2)^0.5+1)^0.5 
k_imag ((3*mu_a*mu_s_apostrophe/2)^0.5)*((1+(Modulation_freq
/(c*mu_a))^2)^0.5-1)^0.5 
SECTION_3D_PAR
AMETERS 
 
rsx_3D [mm] 
rsy_3D [mm] 
rsz_3D [mm] 
Absorber_x_3D R/2 
Absorber_y_3D [mm] 
Absorber_z_3D [mm] 
Ox_3D [mm] 
Oy_3D l_tr1_3D 
Oz_3D 0[mm] 
Rx_3D R 
Ry_3D l_tr1_3D 
Rz_3D [mm] 
l_tr1_3D 1/(mu_a1+(1-g)*mu_s1) 
l_tr2_3D 1/(mu_a2+(1-g)*mu_s2) 
l_tr3_3D 1/(mu_a3+(1-g)*mu_s3) 
l_tr4_3D 1/(mu_a4+(1-g)*mu_s4) 
l_tr_occ_3D 1/(mu_a_occ+(1-g)*mu_s_occ) 
mod_op_l_tr1_3D mod(l_tr1_3D,0.000001) 
l_tr1_3D_rounded l_tr1_3D-mod_op_l_tr1_3D 
z_b1_3D 1.68*l_tr1_3D_rounded 
D_3D l_tr1_3D/3 
D1_3D l_tr1_3D/3 
D2_3D l_tr2_3D/3 
D3_3D l_tr3_3D/3 
D4_3D l_tr4_3D/3 
D_occ_3D l_tr_occ_3D/3 
Tissue_region_3D_R
adius 
Tissue_region_3D_Diameter/2 
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Continue Table B.24 
Base_Point_3D_Regi
ons_x 
R/2 
Base_Point_3D_Extr
ap_Region_y 
l_tr1_3D_rounded 
Base_Point_3D_Tiss
ue_Layer_1_y 
l_tr1_3D_rounded-Tissue_layer_1_h_3D 
Base_Point_3D_Tiss
ue_Layer_2_y 
Base_Point_3D_Tissue_Layer_1_y-Tissue_layer_2_h_3D 
Base_Point_3D_Tiss
ue_Layer_3_y 
Base_Point_3D_Tissue_Layer_2_y-Tissue_layer_3_h_3D 
Base_Point_3D_Tiss
ue_Layer_4_y 
Base_Point_3D_Tissue_Layer_3_y-Tissue_layer_4_h_3D 
Base_Point_3D_Tiss
ue_Layer_occ_y 
Base_Point_3D_Tissue_Layer_3_y 
mu_s1_apostrophe mu_s1*(1-g) 
mu_s2_apostrophe mu_s2*(1-g) 
mu_s3_apostrophe mu_s3*(1-g) 
mu_s4_apostrophe mu_s4*(1-g) 
mu_s_occ_apostroph
e 
mu_s_occ*(1-g) 
alpha1 abs(sqrt(3/2)*mu_s1) 
alpha2 abs(sqrt(3/2)*mu_s2) 
alpha3 abs(sqrt(3/2)*mu_s3) 
alpha4 abs(sqrt(3/2)*mu_s4) 
alpha_occ abs(sqrt(3/2)*mu_s_occ) 
k_real1_3D ((3*mu_a1*mu_s1_apostrophe/2)^0.5)*((1+(Modulation_fr
eq/(c*mu_a1))^2)^0.5+1)^0.5 
k_real2_3D ((3*mu_a2*mu_s2_apostrophe/2)^0.5)*((1+(Modulation_fr
eq/(c*mu_a2))^2)^0.5+1)^0.5 
k_real3_3D ((3*mu_a3*mu_s3_apostrophe/2)^0.5)*((1+(Modulation_fr
eq/(c*mu_a3))^2)^0.5+1)^0.5 
k_real4_3D ((3*mu_a4*mu_s4_apostrophe/2)^0.5)*((1+(Modulation_fr
eq/(c*mu_a4))^2)^0.5+1)^0.5 
k_real_occ_3D ((3*mu_a_occ*mu_s_occ_apostrophe/2)^0.5)*((1+(Modula
tion_freq/(c*mu_a_occ))^2)^0.5+1)^0.5 
k_imag1_3D ((3*mu_a1*mu_s1_apostrophe/2)^0.5)*((1+(Modulation_fr
eq/(c*mu_a1))^2)^0.5-1)^0.5 
k_imag2_3D ((3*mu_a2*mu_s2_apostrophe/2)^0.5)*((1+(Modulation_fr
eq/(c*mu_a2))^2)^0.5-1)^0.5 
k_imag3_3D ((3*mu_a3*mu_s3_apostrophe/2)^0.5)*((1+(Modulation_fr
eq/(c*mu_a3))^2)^0.5-1)^0.5 
k_imag4_3D ((3*mu_a4*mu_s4_apostrophe/2)^0.5)*((1+(Modulation_fr
eq/(c*mu_a4))^2)^0.5-1)^0.5 
k_imag_occ_3D ((3*mu_a_occ*mu_s_occ_apostrophe/2)^0.5)*((1+(Modula
tion_freq/(c*mu_a_occ))^2)^0.5-1)^0.5 
k_squared_Zhou1_3
D 
(-mu_a1*c-i*Modulation_freq)/D1_3D*c 
k_squared_Zhou2_3
D 
(-mu_a2*c-i*Modulation_freq)/D2_3D*c 
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Continue Table B.24 
k_squared_Zhou3_3
D 
(-mu_a3*c-i*Modulation_freq)/D3_3D*c 
k_squared_Zhou4_3
D 
(-mu_a4*c-i*Modulation_freq)/D4_3D*c 
k_squared_Zhou_occ
_3D 
(-mu_a_occ*c-i*Modulation_freq)/D_occ_3D*c 
k_squared_Xu1_3D (-mu_a1+i*Modulation_freq/c)/D1_3D 
k_squared_Xu2_3D (-mu_a2+i*Modulation_freq/c)/D2_3D 
k_squared_Xu3_3D (-mu_a3+i*Modulation_freq/c)/D3_3D 
k_squared_Xu4_3D (-mu_a4+i*Modulation_freq/c)/D4_3D 
k_squared_Xu_occ_3
D 
(-mu_a_occ+i*Modulation_freq/c)/D_occ_3D 
MFP_time_stepping_
max_3D 
l_tr1_3D/c 
width_of_bundle_3D 0.5*((4*mu_s1*T^3)/(3*mu_s1^2*T^2+2))^0.5 
Number_of_steps_3
D 
T*c/l_tr1_3D 
delta_3D (D_3D/mu_a1)^0.5 
Volume_3D (Tissue_region_3D_Radius^2)*pi*(z_b1_3D+Tissue_layer
_1_h_3D+Tissue_layer_2_h_3D+Tissue_layer_3_h_3D+Ti
ssue_layer_4_h_3D) 
Volume_3D_box Tissue_region_3D_Diameter*(z_b1_3D+Tissue_layer_1_h
_3D+Tissue_layer_2_h_3D+Tissue_layer_3_h_3D+Tissue
_layer_4_h_3D)*1[m] 
Volume_3D_cube 2*((Tissue_region_3D_Diameter^2)*(z_b1_3D+Tissue_lay
er_1_h_3D+Tissue_layer_2_h_3D+Tissue_layer_3_h_3D+
Tissue_layer_4_h_3D)) 
occ_diam Occlusion diameter[m] 
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APPENDIX C 
C.1 Introduction  
 This Appendix gives detailed information about the optical transmitter and 
receiver used to transmit modulated photons and detect the traveled photons in 
phantoms.  
C.2 Optical transmitter  
 Three sources of photons in the wavelength of 680nm, 795nm, and 850nm 
are used as an optical transmitter. The tri-wavelength photon source is operated by 
an SP3T switch and separate DC biasing control for each wavelength source.  The 
customized optical Tx used the RF switch from Hittite (HMC245QS16) to drive 
three high power vertical cavity surface emitting lasers (VCSELs) (680 nm, 795 
nm, 850 nm). The Tri-wavelength VCSEL is commercially available from VIXAR 
(Module V3WLM) is a high power laser that has a threshold current of 8.5mA for 
the 680nm, 9.5mA for the 795nm, and 2.8mA for the 850nm. A printed board has 
been designed and fabricated using a commercial substrate (FR4) as shown in 
Figure A.1, to accommodate all surface mount technology (SMT) components.  
 
Figure C.1 Detailed optical transmitter board  
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C.3 Optical receiver  
 In absence of commercial high gain optical receivers using PIN 
Photodiode, APD, Figure A.2, from Hamamatsu (ADP module C5658) have been 
used along with a built-in Trans-impedance amplifier. This module provide high 
sensitive optical measurements with spectral response between 400-1000nm. The 
built in TIA gives 34dB of gain up to 1GHz. 
 
Figure C.2 Commercially optical receiver using APD from Hamamatsu 
C.4 Direct link measurements  
 Optical system described in previous sections of this Appendix is used 
along with network analyzer to perform the tasks required for this thesis. The 
optical platform is shown in Figure C.3 where the optical transmitter and receiver 
is attached to optical stands and axis rotational platform.  
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Figure C.3 Optical platform system set-up  
The performance at three wavelengths for Insertion Loss and Insertion Phase are 
shown in Figure C.4 and C.5 respectively.  
 
Figure C.4 Insertion Loss for direct link:              680nm,              795nm,               850nm 
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Figure C.5 Insertion Phase for direct link:              680nm,              795nm,               850nm 
 
 
Figure C.6 SP3T Switch specification provided from Hittite (HMC245QS16) 
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Figure C.7 Tri-wavelength VCSEL specification provided from VIXAR (Module V3WLM) 
 
Figure C.8 Hamamatsu APD specifications (ADP module C5658) 
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Figure C.9 VCSEL IV curve  
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APPENDIX D 
D.1 Introduction  
 This Appendix gives a detailed information about the optical phantoms 
used to resemble human head and hematoma.  
D.2 Human head phantoms  
 Cylindrical shape phantoms are selected that exhibit different layers similar 
in thickness to human brain layers. The cortex has the largest thickness 0f 3.5cm 
while the scalp is 0.3cm and skull is 0.4cm. All these phantoms were built using 
solid phantoms based on optical quality polymers. These polymers phantoms were 
built VIS-NIR absorbing dyes and TiO2 scatterers. BioMimic phantoms used in 
this thesis is fabricated by a company called INO where they are individually 
characterized using state-of-the-art, time-resolved transmittance technique as 
shown in section D.4.  
 
Figure D.1 INO phantoms that resembles human head  
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Table D.1 Phantom specifications 
 Diameter Thickness    (    )     (    ) 
Cortex  5cm 3.5cm 0.35 15 
Scalp 5cm 0.3cm 0.15 13 
Skull 5cm 0.4cm 0.12 8 
 
D.3 Hematoma phantoms   
 Hematoma phantoms are small occlusions that has a different diameters 
embedded within the cortex. Fourth layer with similar optical parameters of cortex 
are used for this purpose. The fourth layer with embedded occlusion and thickness 
of 0.2cm is used as an early sign of TBI. Table D.2 gives details of these 
hematoma phantoms.    
Table D.2 Hematoma phantoms specifications 
 Diameter Thickness    (    )     (    ) 
Occlusion 1 0.5cm 0.2cm 0.6 18 
Occlusion 2 1cm 0.2cm 0.6 18 
Occlusion 3 1.5cm 0.2cm 0.6 18 
Occlusion 4 2cm 0.2cm 0.6 18 
 
 
Figure D.2 Fourth layer of phantom with different sizes of an occlusion  
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D.4 INO data sheet  
 INO uses time-Correlated Single Photon Counting (TCSPC) as a technique 
to record low level light signals with pico-second time resolution to identify the 
optical parameters of phantoms after fabrications. 
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APPENDIX E 
E.1 Introduction  
 This Appendix gives a detailed information about experimental result 
performed at a separation of 1cm between optical Tx and Rx modules.  
E.2 Raw data results of 1cm separation of three layers at three wavelengths 
 
 
Figure E.1 Insertion Loss in reflection mode of 680nm with 1cm separation  for two and three 
layers:         Scalp/Cortex Experimental raw data,         Skull/cortex Experimental raw data,         
Scalp/Skull/cortex Experimental raw data,      Scalp/Cortex 3D COMSOL FEM numerical 
simulation,       Skull/Cortex 3D COMSOL FEM numerical simulation,      Scalp/Skull/Cortex 3D 
COMSOL FEM numerical simulation 
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Figure E.2 Insertion Phase in reflection mode of 680nm with 1cm separation  for two and three 
layers:         Scalp/Cortex Experimental raw data,         Skull/cortex Experimental raw data,         
Scalp/Skull/cortex Experimental raw data,      Scalp/Cortex 3D COMSOL FEM numerical 
simulation,       Skull/Cortex 3D COMSOL FEM numerical simulation,      Scalp/Skull/Cortex 3D 
COMSOL FEM numerical simulation 
 
Figure E.3 Insertion Loss in reflection mode of 795nm with 1cm separation  for two and three 
layers:         Scalp/Cortex Experimental raw data,         Skull/cortex Experimental raw data,         
Scalp/Skull/cortex Experimental raw data,      Scalp/Cortex 3D COMSOL FEM numerical 
simulation,       Skull/Cortex 3D COMSOL FEM numerical simulation,      Scalp/Skull/Cortex 3D 
COMSOL FEM numerical simulation 
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Figure E.4 Insertion Phase in reflection mode of 795nm with 1cm separation  for two and three 
layers:         Scalp/Cortex Experimental raw data,         Skull/cortex Experimental raw data,         
Scalp/Skull/cortex Experimental raw data,      Scalp/Cortex 3D COMSOL FEM numerical 
simulation,       Skull/Cortex 3D COMSOL FEM numerical simulation,      Scalp/Skull/Cortex 3D 
COMSOL FEM numerical simulation 
      
  
 
Figure E.5 Insertion Loss in reflection mode of 850nm with 1cm separation  for two and three 
layers:         Scalp/Cortex Experimental raw data,         Skull/cortex Experimental raw data,         
Scalp/Skull/cortex Experimental raw data,      Scalp/Cortex 3D COMSOL FEM numerical 
simulation,       Skull/Cortex 3D COMSOL FEM numerical simulation,      Scalp/Skull/Cortex 3D 
COMSOL FEM numerical simulation 
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Figure E.6 Insertion Phase in reflection mode of 850nm with 1cm separation  for two and three 
layers:         Scalp/Cortex Experimental raw data,         Skull/cortex Experimental raw data,         
Scalp/Skull/cortex Experimental raw data,      Scalp/Cortex 3D COMSOL FEM numerical 
simulation,       Skull/Cortex 3D COMSOL FEM numerical simulation,      Scalp/Skull/Cortex 3D 
COMSOL FEM numerical simulation 
      
E.3 Raw data results of 1cm separation of three layers with occlusions at three 
wavelengths 
 
Figure E.7 Insertion Loss in reflection mode of 680nm with 1cm separation  for three layers with 
different sizes of occlusions:                 Control raw data,              Control 3D COMSOL,               
0.5cm occlusion raw data,                 0.5cm occlusion 3D COMSOL,               1cm occlusion raw 
data,                 1m occlusion 3D COMSOL,                1.5cm occlusion raw data,                  1.5cm 
occlusion 3D COMSOL,               2cm occlusion raw data,                2cm occlusion 3D COMSOL.    
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Figure E.8 Insertion Phase in reflection mode of 680nm with 1cm separation  for three layers with 
different sizes of occlusions:                 Control raw data,              Control 3D COMSOL,               
0.5cm occlusion raw data,                 0.5cm occlusion 3D COMSOL,               1cm occlusion raw 
data,                 1m occlusion 3D COMSOL,                1.5cm occlusion raw data,                  1.5cm 
occlusion 3D COMSOL,               2cm occlusion raw data,                2cm occlusion 3D COMSOL.    
 
 
Figure E.9 Insertion Loss in reflection mode of 795nm with 1cm separation  for three layers with 
different sizes of occlusions:                 Control raw data,              Control 3D COMSOL,               
0.5cm occlusion raw data,                 0.5cm occlusion 3D COMSOL,               1cm occlusion raw 
data,                 1m occlusion 3D COMSOL,                1.5cm occlusion raw data,                  1.5cm 
occlusion 3D COMSOL,               2cm occlusion raw data,                2cm occlusion 3D COMSOL.    
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Figure E.10 Insertion Phase in reflection mode of 795nm with 1cm separation  for three layers 
with different sizes of occlusions:               Control raw data,              Control 3D COMSOL,               
0.5cm occlusion raw data,                 0.5cm occlusion 3D COMSOL,               1cm occlusion raw 
data,                 1m occlusion 3D COMSOL,                1.5cm occlusion raw data,                  1.5cm 
occlusion 3D COMSOL,               2cm occlusion raw data,                2cm occlusion 3D COMSOL.    
 
 
 
Figure E.11 Insertion Loss in reflection mode of 850nm with 1cm separation  for three layers with 
different sizes of occlusions:                 Control raw data,              Control 3D COMSOL,               
0.5cm occlusion raw data,                 0.5cm occlusion 3D COMSOL,               1cm occlusion raw 
data,                 1m occlusion 3D COMSOL,                1.5cm occlusion raw data,                  1.5cm 
occlusion 3D COMSOL,               2cm occlusion raw data,                2cm occlusion 3D COMSOL.    
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Figure E.12 Insertion Phase in reflection mode of 850nm with 1cm separation  for three layers 
with different sizes of occlusions:              control raw data,              Control 3D COMSOL,               
0.5cm occlusion raw data,                 0.5cm occlusion 3D COMSOL,               1cm occlusion raw 
data,                 1m occlusion 3D COMSOL,                1.5cm occlusion raw data,                  1.5cm 
occlusion 3D COMSOL,               2cm occlusion raw data,                2cm occlusion 3D COMSOL.    
 
 
 
E.4 Threshold process of ∆IL   
 The threshold process is explained in Figure E.13, where first we compute 
∆IL between Insertion Loss due an embedded occlusion and when there is no 
occlusion. Then taking the first and second derivative of the resulted ∆IL and 
locating the local minimum and zero frequency-axis cross over as the point of 
interaction between modulated photon and occlusion.  
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Figure E.13. Method of threshold detection based on first and second derivatives of ∆IL and ∆IP 
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APPENDIX F 
 
F.1 Introduction  
          This Appendix deals with the error analysis of misaligning of both optical 
transmitter and optical receiver with a fixed separation of 2cm in between. With an 
occlusion of 0.5cm imbedded in three layers phantom as shown in Figure F.1, 1cm 
occlusion  in Figure F.4, 1.5cm occlusion in Figure F.7, and 2cm occlusion in 
Figure F.10. While insertion loss and insertion phase simulation is shown in Figure 
F.2 and F.3  for 0.5cm occlusion, Figure F.5 and F.6 for 1cm occlusion, Figure F.8 
and F.9  for 1.5cm occlusion, and Figure F.11 and F.12 for 2cm occlusion. Each 
simulation is based on four location of the optical transmitter and receiver. The 
location starts across the center  and moves away in one direction with 0.9cm 
separation increment. This will allow us to understand the systematic error 
associated with misaligned of fixed separation of optical transmitter and receiver.  
 
 
Figure F.1. Top view of the multilayer phantom with imbedded 0.5cm diameter occlusion and 
different locations of 2cm separation of optical Tx and Rx  
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Figure F.2. Insertion Loss of 0.5cm occlusion and different location of transmitter and receiver: 
          location 1,          location 2,         location 3,          location 4,         no occlusion 
location  
 
 
Figure F.3. Insertion Phase of 0.5cm occlusion and different location of transmitter and receiver: 
          location 1,          location 2,         location 3,          location 4,         no occlusion 
location  
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Figure F.4. Top view of the multilayer phantom with imbedded 1cm diameter occlusion 
and different locations of 2cm separation of optical Tx and Rx  
 
 
 
Figure F.5 Insertion Loss of 1cm occlusion and different location of transmitter and receiver: 
          location 1,         location 2,        location 3,         location 4,       no occlusion location 
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Figure F.6 Insertion Phase of 1cm occlusion and different location of transmitter and receiver: 
          location 1,         location 2,        location 3,         location 4,       no occlusion location 
 
 
 
Figure F.7. Top view of the multilayer phantom with imbedded 1.5cm diameter occlusion 
and different locations of 2cm separation of optical Tx and Rx  
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Figure F.8. Insertion Loss of 1.5cm occlusion and different location of transmitter and receiver: 
          location 1,         location 2,        location 3,         location 4,       no occlusion location 
 
 
Figure F.9. Insertion Loss of 1.5cm occlusion and different location of transmitter and receiver: 
          location 1,         location 2,        location 3,         location 4,       no occlusion location 
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Figure F.10. Top view of the multilayer phantom with imbedded 2cm diameter occlusion 
and different locations of 2cm separation of optical Tx and Rx  
 
 
Figure F.11 Insertion Loss of 2cm occlusion and different location of transmitter and receiver: 
          location 1,         location 2,        location 3,         location 4,       no occlusion 
location 
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Figure F.12 Insertion Phase of 2cm occlusion and different location of transmitter and receiver: 
          location 1,         location 2,        location 3,         location 4,       no occlusion location 
 
 
Simulation shows that the most insertion loss and phase is resulted when the 
optical transmitter and receiver is at location 1 that is the location of the optical 
transmitter and receiver at the center of the circular phantom and across the 
imbedded occlusion. And it starts decreasing as the optical transmitter and 
receiver is moved away from the center toward an area of the phantom that does 
not contain an imbedded occlusion. The next step of this analysis is to simulate 
through MATLAB and compute the frequency response of the sine wave signal at 
different frequency from 100MHz to 1000MHz with steps of 100MHz. The 
frequency spectrum of the modulated signal is shown in Figure F.13.   
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Figure F.13 Normalized power spectrum of modulated signal 
F.2 Cumulative error analysis  
 Simulating for these two cases of systematic and random error of source 
would benefit in understanding system limitation therefore error bars is generated 
to address the sensitivity of our measured IL. The following result shows the error 
bars on top of the measured IL for different wavelength and different cases. For 
systematic error analysis the equation used to compute the error is:  
         
  (
 |  |
 |         |
)
 
(          )
 
   (F.1) 
while for the random error of the current threshold trucnation the error computed as: 
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And the total cumulative error is based on the addition for both systematic and random 
error is:  
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 1cm variation of transmitter and receiver location  
 
Figure F.14. Insertion Loss in reflection mode of 850nm for three layers with different sizes of 
occlusions:                  Control raw data,                Control 3D COMSOL,               0.5cm occlusion 
raw data,                0.5cm occlusion 3D COMSOL,               1cm occlusion raw data,                 
1cm occlusion 3D COMSOL,             1.5cm occlusion raw data,              1.5cm occlusion 3D 
COMSOL,                2cm occlusion raw data,                2cm occlusion 3D COMSOL 
 
 
Figure F.15. Insertion Loss in reflection mode of 680nm for three layers with different sizes of 
occlusions:                  Control raw data,                Control 3D COMSOL,               0.5cm occlusion 
raw data,                0.5cm occlusion 3D COMSOL,               1cm occlusion raw data,                 
1cm occlusion 3D COMSOL,             1.5cm occlusion raw data,              1.5cm occlusion 3D 
COMSOL,                2cm occlusion raw data,                2cm occlusion 3D COMSOL 
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Figure F.16. Insertion Loss in reflection mode of 795nm for three layers with different sizes of 
occlusions:                  Control raw data,                Control 3D COMSOL,               0.5cm occlusion 
raw data,                0.5cm occlusion 3D COMSOL,               1cm occlusion raw data,                 
1cm occlusion 3D COMSOL,             1.5cm occlusion raw data,              1.5cm occlusion 3D 
COMSOL,                2cm occlusion raw data,                2cm occlusion 3D COMSOL 
 
 
 2cm variation of transmitter and receiver location  
 
Figure F.17. Insertion Loss in reflection mode of 850nm for three layers with different sizes of 
occlusions:                  Control raw data,                Control 3D COMSOL,               0.5cm occlusion 
raw data,                0.5cm occlusion 3D COMSOL,               1cm occlusion raw data,                 
1cm occlusion 3D COMSOL,             1.5cm occlusion raw data,              1.5cm occlusion 3D 
COMSOL,                2cm occlusion raw data,                2cm occlusion 3D COMSOL 
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Figure F.18. Insertion Loss in reflection mode of 680nm for three layers with different sizes of 
occlusions:                  Control raw data,                Control 3D COMSOL,               0.5cm occlusion 
raw data,                0.5cm occlusion 3D COMSOL,               1cm occlusion raw data,                 
1cm occlusion 3D COMSOL,             1.5cm occlusion raw data,              1.5cm occlusion 3D 
COMSOL,                2cm occlusion raw data,                2cm occlusion 3D COMSOL 
 
Figure F.19. Insertion Loss in reflection mode of 795nm for three layers with different sizes of 
occlusions:                  Control raw data,                Control 3D COMSOL,               0.5cm occlusion 
raw data,                0.5cm occlusion 3D COMSOL,               1cm occlusion raw data,                 
1cm occlusion 3D COMSOL,             1.5cm occlusion raw data,              1.5cm occlusion 3D 
COMSOL,                2cm occlusion raw data,                2cm occlusion 3D COMSOL 
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 0.1mA of uncertainties of  laser current threshold   
 
Figure F.20. Insertion Loss in reflection mode of 850nm for three layers with different sizes of 
occlusions:                  Control raw data,                Control 3D COMSOL,               0.5cm occlusion 
raw data,                0.5cm occlusion 3D COMSOL,               1cm occlusion raw data,                 
1cm occlusion 3D COMSOL,             1.5cm occlusion raw data,              1.5cm occlusion 3D 
COMSOL,                2cm occlusion raw data,                2cm occlusion 3D COMSOL 
 
Figure F.21. Insertion Loss in reflection mode of 680nm for three layers with different sizes of 
occlusions:                  Control raw data,                Control 3D COMSOL,               0.5cm occlusion 
raw data,                0.5cm occlusion 3D COMSOL,               1cm occlusion raw data,                 
1cm occlusion 3D COMSOL,             1.5cm occlusion raw data,              1.5cm occlusion 3D 
COMSOL,                2cm occlusion raw data,                2cm occlusion 3D COMSOL 
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Figure F.22. Insertion Loss in reflection mode of 795nm for three layers with different sizes of 
occlusions:                  Control raw data,                Control 3D COMSOL,               0.5cm occlusion 
raw data,                0.5cm occlusion 3D COMSOL,               1cm occlusion raw data,                 
1cm occlusion 3D COMSOL,             1.5cm occlusion raw data,              1.5cm occlusion 3D 
COMSOL,                2cm occlusion raw data,                2cm occlusion 3D COMSOL 
 
 
 0.2mA of uncertainties of  laser current threshold   
 
Figure F.23. Insertion Loss in reflection mode of 850nm for three layers with different sizes of 
occlusions:                  Control raw data,                Control 3D COMSOL,               0.5cm occlusion 
raw data,                0.5cm occlusion 3D COMSOL,               1cm occlusion raw data,                 
1cm occlusion 3D COMSOL,             1.5cm occlusion raw data,              1.5cm occlusion 3D 
COMSOL,                2cm occlusion raw data,                2cm occlusion 3D COMSOL 
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Figure F.24. Insertion Loss in reflection mode of 795nm for three layers with different sizes of 
occlusions:                  Control raw data,                Control 3D COMSOL,               0.5cm occlusion 
raw data,                0.5cm occlusion 3D COMSOL,               1cm occlusion raw data,                 
1cm occlusion 3D COMSOL,             1.5cm occlusion raw data,              1.5cm occlusion 3D 
COMSOL,                2cm occlusion raw data,                2cm occlusion 3D COMSOL 
 
Figure F.25. Insertion Loss in reflection mode of 680nm for three layers with different sizes of 
occlusions:                  Control raw data,                Control 3D COMSOL,               0.5cm occlusion 
raw data,                0.5cm occlusion 3D COMSOL,               1cm occlusion raw data,                 
1cm occlusion 3D COMSOL,             1.5cm occlusion raw data,              1.5cm occlusion 3D 
COMSOL,                2cm occlusion raw data,                2cm occlusion 3D COMSOL 
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 0.3mA of uncertainties of  laser current threshold  
 
Figure F.26. Insertion Loss in reflection mode of 850nm for three layers with different sizes of 
occlusions:                  Control raw data,                Control 3D COMSOL,               0.5cm occlusion 
raw data,                0.5cm occlusion 3D COMSOL,               1cm occlusion raw data,                 
1cm occlusion 3D COMSOL,             1.5cm occlusion raw data,              1.5cm occlusion 3D 
COMSOL,                2cm occlusion raw data,                2cm occlusion 3D COMSOL 
 
Figure F.27. Insertion Loss in reflection mode of 680nm for three layers with different sizes of 
occlusions:                  Control raw data,                Control 3D COMSOL,               0.5cm occlusion 
raw data,                0.5cm occlusion 3D COMSOL,               1cm occlusion raw data,                 
1cm occlusion 3D COMSOL,             1.5cm occlusion raw data,              1.5cm occlusion 3D 
COMSOL,                2cm occlusion raw data,                2cm occlusion 3D COMSOL 
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Figure F.28. Insertion Loss in reflection mode of 795nm for three layers with different sizes of 
occlusions:                  Control raw data,                Control 3D COMSOL,               0.5cm occlusion 
raw data,                0.5cm occlusion 3D COMSOL,               1cm occlusion raw data,                 
1cm occlusion 3D COMSOL,             1.5cm occlusion raw data,              1.5cm occlusion 3D 
COMSOL,                2cm occlusion raw data,                2cm occlusion 3D COMSOL 
 
 
 0.4mA of uncertainties of  laser current threshold   
 
Figure F.29. Insertion Loss in reflection mode of 850nm for three layers with different sizes of 
occlusions:                  Control raw data,                Control 3D COMSOL,               0.5cm occlusion 
raw data,                0.5cm occlusion 3D COMSOL,               1cm occlusion raw data,                 
1cm occlusion 3D COMSOL,             1.5cm occlusion raw data,              1.5cm occlusion 3D 
COMSOL,                2cm occlusion raw data,                2cm occlusion 3D COMSOL 
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Figure F.30. Insertion Loss in reflection mode of 680nm for three layers with different sizes of 
occlusions:                  Control raw data,                Control 3D COMSOL,               0.5cm occlusion 
raw data,                0.5cm occlusion 3D COMSOL,               1cm occlusion raw data,                 
1cm occlusion 3D COMSOL,             1.5cm occlusion raw data,              1.5cm occlusion 3D 
COMSOL,                2cm occlusion raw data,                2cm occlusion 3D COMSOL 
 
 
Figure F.31. Insertion Loss in reflection mode of 795nm for three layers with different sizes of 
occlusions:                  Control raw data,                Control 3D COMSOL,               0.5cm occlusion 
raw data,                0.5cm occlusion 3D COMSOL,               1cm occlusion raw data,                 
1cm occlusion 3D COMSOL,             1.5cm occlusion raw data,              1.5cm occlusion 3D 
COMSOL,                2cm occlusion raw data,                2cm occlusion 3D COMSOL 
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 0.5mA of uncertainties of  laser current threshold   
 
 
Figure F.32. Insertion Loss in reflection mode of 850nm for three layers with different sizes of 
occlusions:                  Control raw data,                Control 3D COMSOL,               0.5cm occlusion 
raw data,                0.5cm occlusion 3D COMSOL,               1cm occlusion raw data,                 
1cm occlusion 3D COMSOL,             1.5cm occlusion raw data,              1.5cm occlusion 3D 
COMSOL,                2cm occlusion raw data,                2cm occlusion 3D COMSOL 
 
 
Figure F.33. Insertion Loss in reflection mode of 680nm for three layers with different sizes of 
occlusions:                  Control raw data,                Control 3D COMSOL,               0.5cm occlusion 
raw data,                0.5cm occlusion 3D COMSOL,               1cm occlusion raw data,                 
1cm occlusion 3D COMSOL,             1.5cm occlusion raw data,              1.5cm occlusion 3D 
COMSOL,                2cm occlusion raw data,                2cm occlusion 3D COMSOL 
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Figure F.34. Insertion Loss in reflection mode of 795nm for three layers with different sizes of 
occlusions:                  Control raw data,                Control 3D COMSOL,               0.5cm occlusion 
raw data,                0.5cm occlusion 3D COMSOL,               1cm occlusion raw data,                 
1cm occlusion 3D COMSOL,             1.5cm occlusion raw data,              1.5cm occlusion 3D 
COMSOL,                2cm occlusion raw data,                2cm occlusion 3D COMSOL 
 
 
 Compound 0.1mA truncation of the modulated signal and 1cm misalignment: 
0.5cm occlusion 
 
 
Figure F.35. Insertion Loss in reflection mode of 680nm for three layers with different sizes of 
occlusions:                  Control raw data,                0.5cm occlusion 3D COMSOL,               1cm 
occlusion 3D COMSOL,             1.5cm occlusion 3D COMSOL,               2cm occlusion 3D 
COMSOL, and Error bar                 for 0.1ma truncation and 1cm misalignment effecting 0.5cm 
occlusion   
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 Compound 0.2mA truncation of the modulated signal and 1cm misalignment: 
0.5cm occlusion 
 
Figure F.36. Insertion Loss in reflection mode of 680nm for three layers with different sizes of 
occlusions:                  Control raw data,                0.5cm occlusion 3D COMSOL,               1cm 
occlusion 3D COMSOL,             1.5cm occlusion 3D COMSOL,               2cm occlusion 3D 
COMSOL, and Error bar                 for 0.2ma truncation and 1cm misalignment effecting 0.5cm 
occlusion   
 
 Compound 0.3mA truncation of the modulated signal and 1cm misalignment : 
0.5cm occlusion 
 
Figure F.37. Insertion Loss in reflection mode of 680nm for three layers with different sizes of 
occlusions:                  Control raw data,                0.5cm occlusion 3D COMSOL,               1cm 
occlusion 3D COMSOL,             1.5cm occlusion 3D COMSOL,               2cm occlusion 3D 
COMSOL, and Error bar                 for 0.3ma truncation and 1cm misalignment effecting 0.5cm 
occlusion   
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 Compound 0.4mA truncation of the modulated signal and 1cm misalignment: 
0.5cm occlusion 
 
 
Figure F.38. Insertion Loss in reflection mode of 680nm for three layers with different sizes of 
occlusions:                  Control raw data,                0.5cm occlusion 3D COMSOL,               1cm 
occlusion 3D COMSOL,             1.5cm occlusion 3D COMSOL,               2cm occlusion 3D 
COMSOL, and Error bar                 for 0.4ma truncation and 1cm misalignment effecting 0.5cm 
occlusion   
 
 
 Compound 0.5mA truncation of the modulated signal and 1cm misalignment: 
0.5cm occlusion 
 
Figure F.39. Insertion Loss in reflection mode of 680nm for three layers with different sizes of 
occlusions:                  Control raw data,                0.5cm occlusion 3D COMSOL,               1cm 
occlusion 3D COMSOL,             1.5cm occlusion 3D COMSOL,               2cm occlusion 3D 
COMSOL, and Error bar                 for 0.5ma truncation and 1cm misalignment effecting 0.5cm 
occlusion   
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 Compound 0.1mA truncation of the modulated signal and 1cm misalignment : 
2.0cm occlusion 
 
Figure F.40. Insertion Loss in reflection mode of 680nm for three layers with different sizes of 
occlusions:                  Control raw data,                0.5cm occlusion 3D COMSOL,               1cm 
occlusion 3D COMSOL,             1.5cm occlusion 3D COMSOL,               2cm occlusion 3D 
COMSOL, and Error bar                 for 0.1ma truncation and 1cm misalignment effecting 2.0cm 
occlusion   
 
 
 Compound 0.2mA truncation of the modulated signal and 1cm misalignment : 
2.0cm occlusion 
 
Figure F.41. Insertion Loss in reflection mode of 680nm for three layers with different sizes of 
occlusions:                  Control raw data,                0.5cm occlusion 3D COMSOL,               1cm 
occlusion 3D COMSOL,             1.5cm occlusion 3D COMSOL,               2cm occlusion 3D 
COMSOL, and Error bar                 for 0.2ma truncation and 1cm misalignment effecting 2.0cm 
occlusion   
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 Compound 0.3mA truncation of the modulated signal and 1cm misalignment : 
2.0cm occlusion 
 
Figure F.42. Insertion Loss in reflection mode of 680nm for three layers with different sizes of 
occlusions:                  Control raw data,                0.5cm occlusion 3D COMSOL,               1cm 
occlusion 3D COMSOL,             1.5cm occlusion 3D COMSOL,               2cm occlusion 3D 
COMSOL, and Error bar                 for 0.3ma truncation and 1cm misalignment effecting 2.0cm 
occlusion   
 
 
 Compound 0.4mA truncation of the modulated signal and 1cm misalignment : 
2.0cm occlusion 
 
Figure F.43. Insertion Loss in reflection mode of 680nm for three layers with different sizes of 
occlusions:                  Control raw data,                0.5cm occlusion 3D COMSOL,               1cm 
occlusion 3D COMSOL,             1.5cm occlusion 3D COMSOL,               2cm occlusion 3D 
COMSOL, and Error bar                 for 0.4ma truncation and 1cm misalignment effecting 2.0cm 
occlusion   
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 Compound 0.5mA truncation of the modulated signal and 1cm misalignment : 
2.0cm occlusion 
 
Figure F.44. Insertion Loss in reflection mode of 680nm for three layers with different sizes of 
occlusions:                  Control raw data,                0.5cm occlusion 3D COMSOL,               1cm 
occlusion 3D COMSOL,             1.5cm occlusion 3D COMSOL,               2cm occlusion 3D 
COMSOL, and Error bar                 for 0.5ma truncation and 1cm misalignment effecting 2.0cm 
occlusion   
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